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PREFACE TO THE FIRST EDITION. 



WHEN I undertook some years ago to prepare an article I 
on the Steam-Engine and other Heat-Engines for the ' 
Encyclopaedia Britannica it seemed that the subject might be I 
appropriately treated by following the general lines which I 
been found suitable in lecturing to students of engineering. The ] 
article was accordingly written on these lines, but necessarily in ] 
a veiy condensed form. 

From the time of its publication I have hoped to expand it 1 
into a University Text-book, and have been encouraged by more 
than one other teacher to beheve that such a text-book might 
be useful. The present work is the outcome of that intention: 
it is based on the Encydopwdia aiticle, but the additions and 
changes have been bo considerable that except for parts of one i 
or two Chapters the book is virtually new. 

The design has been to treat not only of the tbermodynar 
of the steam-engine, but of other aspects of the subject which j 
admit of theoretical discussion, such as the kinematics of the I 
slide-valve and the kinetics of the governor and of the moving] 
mechanism as a whole, and also to give a general, if brief, account 1 
of the forms taken by actual engines and of the manner of their I 
working. No attempt has been made to describe details particu- 
larly, but the distinguishing features of certain types have been | 
indicated. In doing this the greatest amount of space has been I 
given to the less familiar forms, on the principle that a student 
need be at no toss to learn the construction of engines of the 
commoner kinds, Air, gas, and oil engines are noticed, as well 

steam-engines. 

The endeavour throughout has been to make evident the J 
■* theory on practical issues, The experimental study | 
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of steam-engines, which has done much to bring thermodynamics 
into closer contact with engineering, is described at some length. 
It is now usual for students to combine their lecture-room studj 
of heat-engines with work in the laboratory as well as in the 
drawing office, and pans of the book are designed to serve in 
some measure as a manual for the steam laboratory. 

The Chapters which relate to applied thermodynamics can- 
not of course pretend to give so full a treatment as will be 
found in the valuable books of Professor Cotterill and Professor 
Peabody, which are devoted entirely to that subject. The theoiy 
of heat-engines is presented here in small compass and in ele- 
mentary form, but I hope it may be found that this section is, 
so far as it goes, complete, and that there are not many serious 
omissions in regard to matters of practical importance. I have 
made considerable use of the entropy-temperature diagram as a 
means of exhibiting thermodynamic actions, believing that this 
construction only requires to be better kno^n to be widely appre* 
ciated by engineers. In calculations affected by the mechanical 
equivalent of heat, 778 foot-pounds has been taken as the value 
of Joule's equivalent, the recent work of Griffiths and Rowland, 
in conjunction with the later researches of Joule himself, having 
Uft no doubt that this number or one closely approximating to 
it is to be accepted in place of the familiar 772. 

I have to thank Messrs A. and C. Black, the publishers of 
th(^ EvcyrAopcmlia Britannica, for consenting to an arrangement 
which allowed some of the material of the article '' Steam-Engine" 
to hit utilizi-rl, and also my present and former assistants, Mr 
W. K. Dal by and Mr T. Reid, for much kind help in preparing 
iJhmt.niiion.M. I am indebted for drawings to Messrs Galloway, 
M«v;MrH (lourlay, Messrs Thornycroft, Messrs Willans and Bobinson, 
Ml II. Diiviy, I)r Kirk, Mr C. A. Parsons, Mr F. W. Webb, and 

J. A, EWING. 



K.NulNKlTiniNd LAIKillATOKY, CAMBRIDGE. 

Ajtnl an, 18»4. 



PREFACE TO THE SECOND EDITION. 

TN the Second Edition the book has been revised throughout, 
and a considerable amount of new matter has been added. 
In particular the section relating to gas-engines has been ex- 
tended. For suggesting several of the other additions and 
emendations I am indebted to my friends and former assistants, 
Professor Nicolson, of McGill University, Montreal, Professor 
Dalby, of the Finsbury Technical College, and Professor Dunkerley, 
of the Royal Naval College, Greenwich. 

J. A, EWING. 



Cambridge. 

Dece filter f 1897. 
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CHAPTEK L 

THE SABLY HISTORY OF TE[E STEAM-ENGINE. 

L Heat-Englnei in generaL In the scientific treatment 
of the steam-engine we have in the first place, and mainly, to 
r^ard it as a heat-engine — that is, a machine in which heat 
is employed to do mechanical work. Other aspects of the steam- 
engine will present themselves when we come to examine the 
action of the mechanism in detail, but the foremost place must be 
given to thermodynamic considerations. From the thermo- 
dynamic point of view the function of a heat-engine is to get 
as much work as possible from a given supply of heat, or (to go 
a step further back) from the combustion of a given quantity 
of fuel Hence a large part of our subject is the discussion of 
what is called the efficiency of the engine, which is the ratio 
of tiie work done to the heat supplied. We have to consider on 
what conditions efficiency depends, how its value is limited in 
theory and how nearly the limiting value may be attained in 
practice. We have to describe means of testing the efficiency of 
engines, and the results which such tests have given in actual 
cases. Much of what has to be said in regard to efficiency is 
applicable to all heat-engines, whatever be the character of the 
substance which is made use of as the means of doing work within 
the engine. In all practical heat-engines work is done through 
the expansion by heat of a fluid which exerts pressure and 
overcomes resistance as it expands. Thus in steam-engines the 
working substance is water and water-vapour, and work is done by 
the pressure which the substance exerts while its volume is 
undeigoing change. In air-engines the working substauce is 

I. 1 



2 EARLY HISTORY OF THE STEAM-EXGIXE. 

atmospheric air ; in gas-engines and oil-engines it is a mixture of 
air with combustible gas or vaporised oil and with the products of 
combustion. These last are important instances of what are 
sometimes called internal combustion engines, in which the 
heat is developed by combustion occurring within the working 
substance itself instead of reaching the substance from an 
external source. We may have heat-engines in which the working 
substance is not a fluid, and examples might even be named 
in which a substance that is alternately heated and cooled is 
made to do work not in consequence of changes in its volume or 
in its form, but in consequence of some other effect of heat such, for 
instance, as the loss and gain of magnetic quality. A complete list 
of typical heat-engines would include a mention of guns, in which 
the heat that is generated by the combustion of an explosive 
does work in giving energy of motion to a projectile. We have, 
however, to do only with those types of heat-engine whose object 
is to change the potential energy of fuel into a manageable 
mechanical form, so that they may serve as prime movers to other 
mechanism. Of such engines the steam-engine is by £Ekr the most 
important. 

As a preliminary to the study of the modem engine it will 
be useful to review, if only very briefly, some of the stages 
through which it has passed in its development. In any such 
historical sketch the largest share of attention necessarily falls to 
the work of Watt, whose inventions were as remarkable for their 
scientific interest as for their industrial importance. But it should 
1« borne in mind that a process of evolution had been going on 
2K3:ce the time of Watt which prepared the steam-engine for the 
-mm^^ise improvements it received at his hands. The labours of 
T^ACS szand in a natural sequence to those of Newcomen, and 
TTeirctimien's to those of Papin and Savery. Savery's engine, 
was the reduction to practical form of a contrivance which 
'.oni; before been known as a scientific toy. 



_ of Alexandria. The earliest notices of heat- 

:v3CTm» uce &und in the Pneumatica of Hero of Alexandria, 

^•rivE! ':^cee from the second century before Christ. One of the 

« tttn^nncvtt mentioned there is the seolipilc, a steam reaction- 

•••t^nttf v.\>i»itfcinic of a spherical vessel pivoted on a central axis 

^t >ut.*(nxtM ^vich steam through one of the pivots. The steam 
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tacKpea by bent pipes facing taogentially in opposite directions, 
■t opposite ends of a diameter perpendicular to the axis. The 
globe revolves by reaction from the escaping steam, just as a 
JStxkea^a mill is driven by escaping water. Another apparatos 
desoibed by Hero (fig. 1)' is interesting as the prototype of 
■ class of engines which long afterwards became practically 
impcrtant. A hollow altar containing air is heated by a fire 
kindled on it; the air in expanding drives some of the water 
emtaiued in a spherical vessel beneath the altar into a bucket, 
vhich descends and opens the temple doors above by pulling 
HHind a pair of vertical posts to which the doors are fixed. When 
tke fire is extinguished the air cools, the water leaves the 
bucket, and the doors close. In another device a jet of water 
driven ont by expanding air is turned to account as a fountain. 
Sereral other philosophical toys or pieces of conjuring apparatus 
of the like kind are also described, bat there is no suggestion 
that the methods they illustrate could be applied on a large 
Male or turned to any useful account. 




Fio. 1. Appamtoi desoribed bjr Hero. 



3. Dtfla Porta and De Oaua, From the time of Hero 
to the 17th century there is no progress to record, though here 

' Frgm Oraenwood't tmuUtioD of Hero's Pmumatia, edited by B. Woodorott, 
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ind there we find evidence that appliances like those described 
by Hero were used for trivial purposes, such as organ-blowing 
and the turning of spits. The next distinct step waa the 
publication in 1606 of a treatise on pneumatics by Giovanni 
Battista Delia Porta, in which he shows an apparatus similar to 
Hero's fountain, but with steam instead of air as the displacing 
fluid. Steam generated in a separate vessel passed into a closed 
chamber containing water, and drove the water out through a 
pipe which opened near the bottom of the vessel. He also points 
out that the condensation of steam in the closed chamber may 
be used to produce a vacuum and suck up water from a lower 
level. In fact, his suggestions anticipate very fully the principle 
which a century later was applied by Savery in the earliest com- 
mercially successful steam-engine. In 1615 Salomon De Caus 
gives a plan of forcing up water by a steam-fountain which 
differs from Porta's only in having one vessel serve both as 
boiler and as displacement-chamber, the hot water being itself 
nosed. 

4. Branca'i Steam Tarbine. Another line of invention 

was taken by Giovanui Branca (1629), who designed an engine 
shaped Uke a water-wheel, to be driven by the impact of a jet of 
steam on its vanes, and, in its turn, to drive other mechanism for 
various useful purposes. But Branca'a suggestion waa unpro- 
ductive, and we find the course of invention revert to the line 
followed by Porta and De Caus. 

5. Uarqnls of Worcester. The next contributor is one 
whose place is not easily assigned. To Edward Somerset, second 
marquis of Worcester, appears to be due the credit of proposing, if 
not of making, the first useful steam-engine. Its object waa to 
raise water, and it worked probably like Porta's model, but with n 
pair of displacement-chambers, from each of which alternately 
water was forced by steam from an independent boiler, or perhaps 
by applying heat to the chamber itself, while the other vessel was 
allowed to refill. The only description of the engine is found in 
Art. 68 of Worcester's Centura/ of Inventions (1663). There are 
no drawings, and the notice is so obscure that it is difficult to say 
whether there were any distinctly novel features except the 
double action. The inventor's account leaves much to the imagi- 
nation. It ie entitled " A Fire Water-work," and iiins thus : — 
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"An admirsble and mont forcible vny to drive np vnter b; fire, DOt by drawing 
or racking it upwards, for that muBt be aa tbe PhiloBopher calleth it. Intra 
$phaenm actinitatii, wiucb is but at each a dtatance. But this na; huth no 
Boondei, if tbe YesBele be strong euoagb ; for I have taken a piece of a whole 
Cannon, irhereof the end was buret, and filled it three- gnarten full of water, 
Btopping and Bcraing up tbe broken end ; aa also the Tuuch'hole ; and making a 
constant fire onder it, within SI hours it burst and made a great craok. So that 
liBviog a way to make m; Vessels, so that they are strengthened by the foroe within 
tbem, and the oae to fill after the other, I have seen the water run like a constant 
Foantaiue- stream forty foot high ; one Vessel of water rarified by fire drivetb 
Bp forty of cold water. And a man that tends the work is but to turn two 
Cocks, thai Doe Vessel of water being consumed, another begina to force and 
re-fiD with cold water, and so successively, the fire being tended and kept constant, 
which tbe sett-aoine Person may likewise abundantly perform in tbe interim 
betveen the neaessity of turning the said Cocks." 

Later articlee in the Century of Inventioiis contain notices of a 
device which under the name of a " Water-commanding Engine" 
received protection by Act of Parliament and was experimented on 
by Worcester on a large scale at Vauxhall. But there is nothing 
to Bhow distinctly that the Water-commanding Engine was a heat- 
engine at all, and the meagre accounts that have been given of it 
rather point to the conclusion that it was a form of " Perpetual 
Motion." In any case the experiments led to no practical result. 

6. Savery. The steam-engine became commercially success- 
ful in the hands of Thomas Savery, who in 1698 obtained a 
patent for a water-raising engine, shown in fig. 2. Steam is 
admitted to one of the oval vessels A, displacing water, which 
it drives up through the check-valve B. When the vessel A 
is emptied of water, the supply of steam is stopped, and the 
steam already there is condensed by allowing a jet of cold water 
from a cistern above to stream over the outer surface of the vessel. 
This produces a vacuum and causes water to be sucked up through 
the pipe C and the valve D. Meanwhile, steam has been displacing 
water from the other vessel, and is ready to be condensed there. 
The valves B and D open only upwards. The supplementary 
boiler and furnace E are for feeding water to the main boiler ; E is 
filled while cold and a fire ia lighted under it ; it then acts like the 
vessel of De Caus in forcing a supply of feed-water into the main 
boiler F. The gauge-cocks G, G for testing the level of the water 
in tbe boiler are an interesting feature of detail. Another form of 
S»very'« engine had only one displacement-chamber and worked 
iDteiTDittetitly. In the use of artificial means to condense the 
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steam, and in the application of the vacuitm so formed to raise 
water by suction from a level lower than that of the engine, the 
action used by Savery was probably an advance on that proposed 
or used by Worcester ; in any case Savery's was the first engine to 




Fia. 3. Stniy'a Paatping Engine, 169S. 
take a really practical shape. It found considerable employment 
in pumping mines and in raising water to supply houses and 
towns, and even to drive water-wheels. A serious difficulty which 
prevented its general use in mines was the fact that the height 
through which it would lift water was limited by the pressure the 
boiler and vessels could bear. Pressures as high as 8 or 10 
atmospheres were employed — and that, too, without a safety-valve. 
But Savery found it no easy matter to deal with high-pressure 
Bteam ; he complains that it molted his common solder, and forced 
him, as Desaguliers tells us, " to be at the [)a)ns and charge to have 
all his joints soldered with spelter." Apart from this drawback 
the waste of fuel was enormous, from the condensation of steam 
which took place on the surface of the water and on the aides of 
the displacement-chamber at each stroke; the consumption of 
coal was, in proportion to the work done, some twenty times 
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greater than it is in a good modem steam-engine. In a tract 
called Ths Miner's Friettd, Savery alludes thus to the alternate 
beating and cooling of the water-vessel : " On the outside of the 
Tcsael you may see how the water goes out as well as if the vessel 
were transparent, for so far as the steam continues wilhin the 
vessel BO far is the vessel dry without, and so very hot as scarce to 
endure the least touch of the hand. But as far aa the water is, 
the said vessel will be cold and wet where any water has fallen on 
it ; which cold and moisture vanishes as fast as the steam in its 
descent takes place of the water." Before Savery's engine was 
entirely displaced by its successor, Newcomen'a, it was improved 
by Dcsaguliers, who applied to it the safety-valve (invented by 
Papin), and substituted condensation by a jet of cold water within 
the vessel for the surface condensation used by Savery. 

To Savery is ascribed the first use of the familiar tenn 
" horse-power " as a measure of the performance of an engine. 



i 



7. Ounpowder Engines. Some twenty years before the I 
date of Saverj's patent, proposals had been made by several 
inventors to raise water by means of the explosive power of 
gunpowder. One scheme was to explode the powder in a closed 
vessel furnished with valves which opened outwards and allowed 

a great part of the air and burnt gases to escape when the 
explosion took place. As the gas that remained became cool a 
partial vacuum was formed in the vessel, and this was used to 
draw up water from a lower level. It does not appear that these 
schemes were ever put in practice except esperimentally. The 
meat interesting of the gunpowder engines was that of Huygens 
(1680), who for the first time introduced the piston and cylinder 
as constituent parts of a heat-engine. In Huygens' engine the 
piston was set at the top of a vertical cylinder and a charge of 
powder was exploded below it. This espelled part of the gaseous 
contents through valves which opened outwards, and then the 
cooling of the remainder caused the piston to descend under 
atmospheric pressure. The piatun in descending did work by 
raising a weight through the medium of a coi-d and pulley, 

8. Papln. In 1690 Denis Papin, who ten years before had 
invented the safety-valve as an adjunct to his "digester," suggested 
that the coadensatinn of steam should be employed to make a 
ncouni under a piston which had been previously raised by the 



& rA the Meam. PkpiB. had been aHoeaSed «itb H ajgu» 
ia his ezpenoMiktB on the pnidncsioo d avacamn ondwa pisba 
bf tDCaiM o( gnspowder, and bad described Hajgeos' nan biiw tat 
tlte Jtojti Sodetj. XoCicii^ tbas after the gTplwaoo omni^ gia 
lemamed in the ej^sAez to SII aboot oie-fifth of its vofamie, after 
eooHi^ be eaat abMit fer loiDe means of obtazniii^ a better 
nKonm. "Bf another waf, tberelore, I endeaToorad to attain 
the mae eoA, and ance it is a ptopertf of Wats' that a smaD 
qnaotity <4 it, conrerted into steam \ij heat, has an elastic fatce 
like tbat ef air, bat when cold Htperroies, is again resolved into 
water DO tbat no trace of the said elastic force remains, I aaw 
WuX anclnDes mi^t be constructed wher^n water, \sf meaoa 
of M> rerjr latenae beat and at small cost, might prodace that 
perfect Tacaan wbidi bad &iled to be obtained by the use of 
gDOpr/wder." He goes co to describe what was onqaestioDahly 
tbft earliest t^Hoder and piston steam-engine, and hia plan of 
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using steam was that which aflerwards took practical shape in 
tho atmospheric engine of Newcomen. But his scheme was 
mwlo unworkable by the fact that be proposed to use but one 
vessel as both boiler and cyliuder. A small quantity of water 
waH placed at the bottom of a cylinder and heat was applied. 
When the piston had risen the fire was removed, the steam was 
allowed to cool, and the piston did work in its down-stroke under 
the prosHiire of the atmosphere. 

After hoarinjif of Savery'a engine in 1705 Papin turned his 
attention to improving it, and devised a modified form, shown 
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in fig. S, in which the displacement-chamber A was a cylinder, 

¥ith a floatiiig diaphragm or piston on the top of the water to 

keep the water and steam firom direct contact with one another. 

The water was delivered into a closed air-vessel B, from which it 

isBQed in a continuous stream against the vanes of a water-wheeL 

Ater the steam bad done its work in the displacement-chamber 

it was allowed to escape by the stop-cock C instead of being 

CGBdensed. This second engine of Fapin's was in fact a non- 

oondensing single-acting steam-pump, with steam-cylinder and 

punp-eflinder in one. A curious feature of it was the heater D, 

a maas of hot metal placed in the diaphragm for the purpose of 

keeping the steam dry. Among the many inventions of Papin 

vaa a boiler with an internal fire-box, — the earliest example of a 

ouistraction that is now almost universale 

9. Newconoien's '' Atmospheric " Engine. While Papin 
ma thus going back from his first notion of a piston-engine to 
Saveiy's cruder type, a new inventor had appeared who made the 
piston-engine a practical success by separating the boiler from the 
cylinder and by using (as Savery had done) artificial means to 
condense the steam. This was Newcomen, who in 1705, in 
conjunction with Savery and with Cawley, gave the steam-engine 
the form shown in fig. 4. The piston was connected by a chain 
wifli one end of an overhead beam. Steam admitted frx)m the 
boiler to the cylinder allowed the piston to be raised by a heavy 
ooonterpoise hanging from the beam near the other end. Then 
the steam-valve was shut and a jet of cold water entered the 
cylinder and condensed the steam. The piston was consequently 
forced down by the pressure of the atmosphere and did work on 
the pump through the medium of a long rod which hung from 
the other end of the beam. The next entry of steam expelled 
the condensed water from the cylinder through an escape valve. 
The piston was kept tight by a layer of water on its upper surface. 
Condensation was at first effected by cooling the outside of the 
cylinder, but an accidental leakage of the packing water past the 
piston showed the advantage of condensing by a jet of injection 
water, and this plan took the place of surface condensation. The 
engine used steam which had a pressure little if at all greater 

^ For an aooonnt of Papin's inventioxiB, see his L//>, and Correspondence with 
LeihmU and Huygeru, by Dr £. Qerland, Berlin, 1881. See also Mairhead's Life 
oJWtOL 
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than that of the atmosphere ; sometimes indeed it was worked 
with the manhole-lid off the boiler. The fuDction of the steam 




Fio. 4. Kewoomen't Almonpheria Eneine- 1705. 



was merely to allow the piston to be raised, by making the 
pressure on the under side equal or nearly equal to the pressure 
on the top, and then to produce a vacuum by being condensed. 
Newcomen's engine was essentially the cylinder and piston of 
Fapin combined with the separate boiler of Savery. 

About 1711 Newcomen's engine began to be introduced for 
pumping mines. It is doubtful whether the engine was originally 
automatic in its action or depended on the periodical turning of 
taps by an attendant. An old print of an engine erected by 
Newcomen in 1712 near Dudley Castle shows a species of auto- 
matic gear. The common story is that in 1713 a boy named 
Humphrey Potter, whose duty it was to open and shut the valvea 
of an engine he attended, made the engine self-acting by causing 
the beam itself to open and close the valves by means of cords 
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and catches. This rude device was simplified in 1718 by Henry 
Beighton, who suspended from the beam a rod called the plug- 
tree, which worked the valves by means of tappets. By 1725 the 
engine was in common use in collieries, and it held its place 
without material change for about three-quarters of a century in 
alL Near the close of its career the atmospheric engine was 
much improved in its mechanical details by Smeaton, who built 
many large engines of this tjrpe about the year 1770, just after 
the great step which was to make Newcomen's engine obsolete 
had been taken by James Watt. 

like Savery's engine, Newcomen's was put to no other use 
than to pump water — ^in some instances for the purpose of turning 
water-wheels to drive other machinery. Compared with Savery's 
it had the great advantage that the intensity of pressure in 
the pump was not in any way limited by the pressure of the 
steam, but could be made as great as might be desired by 
redndng the area of the pump plunger. It shared with Savery s, 
in a scarcely less degree, the defect already pointed out, that 
steam was wasted by the alternate heating and cooling of the 
vessel into which it was led. Even contemporary writers complain 
of its '^ vast consumption of fuel," which appears to have been 
scarcely smaller than that of the engine of Savery. 

10. James Watt In 1763 James Watt, an instrument 
maker in Glasgow, while engaged by the Univei-sity in repairing a 
model of Newcomen's engine, was struck with the waste of steam 
to which the alternate chilling and heating of the cylinder gave 
rise. He saw that the remedy, in his own words, would lie in 
keeping the cylinder as hot as the steam that entered it. With 
this view he added to the engine a new organ — namely, the co7i- 
defkatr — a vessel separate from the cylinder, into which the steam 
dioold be allowed to escape from the cylinder, to be condensed 
there by the application of cold water either outside or as a jet. 
To preserve the vacuum in his condenser he added a pump, 
called the air-pump, whose function was to pump from it the 
condensed steam and water of condensation, as well as the air 
which would otherwise accumulate by leakage inwards or by being 
brooj^t in with the steam or with the injection water. Then as 
the cylinder was itself no longer used as the chamber in which the 
iteam was condensed he was able to keep it continuously hot by 
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clothing it with non-conducting bodies, and in particular by the 
nse of a steam-jacket, or layer of hot steam between the cylinder 
and an external casing, Further, and still with the same object, 
ho covered in the top of the cylinder, taking the piston-rod out 
through a steam-tight etuflSng-box, and allowed steam instead of 
air to press upon the piston's upper surface. The idea of nsing 
a separate condenser had no sooner occurred to Watt than he put 
it to the teat by constructing the 
apparatus shown in fig. 5. There 
A is the cylinder, B a condenser (of 
the type now distinguished as a sur- 
face-con denser) and C is the air-pump. 
The cylinder wbb filled with steam 
above the piston, and a vacuum was 
formed in the surface-condenser B. 
Ou opening the stop-cock D the 
steam rushed over from the cylinder 
and was condensed, while the piston 
rose and lifted a weight. A fuller 
account of this experiment will be ^ .^.^ Einarii 
found in Watt's narrative, below. 

After several trials Watt patented his improvements in 1769; 
they are described in his specification in the following words, 
which, apart from their immense historical interest, deserve 
caroful study as a statemeut of principles which to this day 
guide the scientific developmeut of the steam-engine : — 

■■Mf method of lasseniug the couBiuupUoD of sleatn, and eonaeqaeiiU}' fuel, in 
dre-eaglnoB, ooniinU of the lollowiDg prindplee: — 

"fird, That vegael in which the powers o( rteam are to be emplojed to work 
the eii^«, vhich is oklted the cylinder in commoD fire-eoginpB, and which I call 
the ate>m-re«*d. must, during the whole time the engine is >t work, be kept aa hot 
ki Hie Meam that enteiB it ; Gnt by enolouag it in a case of wood, or iny other 
materiolB that tnnunit heal slowly ; secoodly, by Buiroonding it with Bt«Am or 
□tbcr healed bodieg 1 aud, thirdly, by snReriiiR neither water nor any other sobatanoe 
ooldei than Ilia tieam to enter or touch it during that time. 

*' Stfondlji, In enginea that am to be wotkcd wholly or partially by condcnutioa 
of (team, the ulaam ia to be eoodeiiMd in feascia diatiDol tittm the gteam-vseeela or 
o^Undera, although oeoaaionaUy WMnmanJcating with them ; these vctseJa I call 
coodenaera ; and, wbilat the enirineB ate working, these eondenaets ought at leaat to 
be kept aa cold aa the air in the tiei^hboitthood of the enginee, by application of 
water or other cold bodiea. 

•■ nirdlf, Whaterer air or other eiaitio Tapunr ia Dot oouJeuwd by the oold of 
the cosdenicr, and may impede the woiking of the engioe, ii to b« drawn oat of tfaa 
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ntMun fiMuli or eondePBere by means of pumps, wrought by the engines themselyes, 
« ctiMnrise. 

"FovrtUy, I intend in many cases to employ the ezpansiye foroe of steam to 
|i«s on the plafcons, or whatever may be used instead of tiiem, in the same manner 
M the pnnnre of the atmosphere is now employed in common fire-engines. In 
CUM where oold water cannot be had in plenty, the engines may be wrought by 
thii focee of steam only, by discharging the steam into the open air after it has done 
ib office. 

**fiiitJ%, I intend in some cases to apply a degree of cold not capable of 
nlodng the steam to water, but of contracting it considerably, so that the engines 
dun be worked by the alternate expansion and contraction of the steam. 

"Lsft^, Instead of using water to render the pistons and other parts of the 
coipne air and steam-tight, I employ oils, wax, resinous bodies, fat of animals, 
fDckslTer and other metals in their fluid state." 

The fifth claim was for a rotary engine, and need not be 
quoted hera 

The "common fire-engine" alluded to was the steam-engine, 
or, as it was more generally called, the " atmospheric " engine, of 
Newoomen. Enormously important as Watt's first patent was, 
it resulted for a time in the production of nothing more than 
a greatly improved engine of the Newcomen type, much less 
wasteful of fuel, able to make faster strokes, but still only suitable 
for pumping, still single-acting, with steam admitted during the 
whole stroke, the piston still pulling the beam by a chain 
workiiig on a circular arc. The condenser was generally kept cool 
by the injection of cold water, but Watt has left a model of a 
tarface-condenser made up of small tubes, in every essential 
respect like the condensers now used in marine engines. He also 
used, as we have seen, a surface-condenser in the experimental 
apparatus by which the practicability of condensation in a 
separate vessel was first demonstrated. 

IL Watt's pumping-engine of 1769. Fig. 6 is an 
example of the Watt pumping-engine of this period. It should 
be noticed that, although the top of the cylinder is closed and 
steam has access to the upper side of the piston, this is done only 
to keep the cylinder and piston warm. The engine is still single- 
acting ; the steam on the upper side merely plays the part which 
was played in Newcomen's engine by the atmosphere ; and it is 
the lower end of the cylinder alone that is ever put in com- 
monication with the condenser. There are three valves, — the 
"steam" valve a, the "equilibrium" valve 6, and the "exhaust" 
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ralve c. At the beginouig of the dov,-n-stroke c is opened U 

xtuce a vacuum below the piston and a is opened to admi 

beam abo\'e it. At the end of the down-stroke a and c are 8liu 




Fsa. 0. Walfa Single-acting Engine, 1769. 



MImA. This puts the two sides of the piston i 

-r-i iHdws the piston to be pulled up by the pumj 

' AVT enough to serve as a counterpoise. C is th 

. '.h© air-pump, which discharges into the hot wei 

a»«M|pptr-of the feed-pump F is drawn. 
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13. ^7att'B narratlTe of hli invention. In a note ap- 
fended to the article " Steam-Engine " in Kobison's System 
iliAanieaZ Philosophy (1822) Watt has given the following 
Kcoant of the experiments and reflexions which led up to his first 
fkUot. This narrative is of so particular interest that no apology 
ludbe made for reproducing it in full. 



"Vf ktMntion wu first directed in the year 1759 to the subject ol Bteam-engineB, 
^Ol ikte Di llobisoD bimaell, then a stadeDt in the Uaivereity of Glaagon, and 
*tA} of m7 oim age. He at thnt time threw out an idea of applying the power of 
Ik itam-eigine to the moviag of wheel -carriageH, and to other purpoeei. but the 
^^ waa not matured, and waa soon abaodoued on his going abroad. 

"Unrat tbe year 1761 or 1763, 1 tried some experiments on the force o( slimm, in 
thps'i digeater, and formed a. species o( itteam -engine by fixing apoo it a syringe 
BM-durd of an inrh diameter, with a solid piaton, and furnished also witli a oock 
U tJDil the ateom Irom the diecster, or shot it ofl at pleasure, as well as to open a 
Mnmu&icatioii from the inside of the syringe to the open air, by which tbe steam 
•Miined in the syringe might escape. When the eommuaieation betveeo (he 
iifMa and lyringe was opened, the steam entered the syringe, and by ita 
Mlias upon the piston raised a considerable weight (15 lbs.) with which it woi 



~Wliai this was raised as high as wan thought proper, the communi cation with 
shnt, and that with the atmosphere opened; the steam then made its 
and the weight descended. The operations were repeated, and though in this 
theoDcli was turned by hand, it was easy to see how it conld be done by 
Ok machine itself, and to malie it work with perfect regularity. Bnt I soon 
nlillijuuhed tbe ides of constrncting an engine upon this principle, from betug 
Kaaible it would be liable to some of the objeetiona against Bavery's engine, viz. the 
dugET of burvtiDg the boiler, and the dif&colty of making the joints tight, and also 
tbl a great part of tbe power of tbe steam would be lost, because no vacuum was 
tlriMd to assist the descent of the piston. [I, however, described this engine in the 
loartb attiole of the specification of my jmtent of t7G:i ; and again in the speoifico- 
Ilen of auotber patent in the year 1784, together with a mode of applying it to the 
■crtng of wheel ■carriages.] 

necessary to the avocations of bii<Line3s prevented me from then 
ibje«t farther; bat in the winter of I7Q3-4, having occasion to repair 
iBwdd of Newcoinea'e engine belonging to the NstDral Philosophy class of the 
I^unraity of Glasgow, my mind was again directed to it. At that period, my know- 
Ugs WW derived principally from DesaguUers, and partly from Belidor, I set about 
li|WililiH il as & mere mechanician, and when that was done and it was set to work, 
I «u surprised to find that its boiler could not supply it with steam, though appa- 
Mtly qnita large enough (the cylinder of the model being two inches in diameter 
Ud eIi indies stroke, and the boiler about nine inches diameter). By blowing the 
in it was made to lake a few strokes, but required an euormous quantity of in- 
jutipn water, though it was very lightly loaded by the column of water in the 
pnap. It soon occurred that this was caused by the litUe cylinder exposing a 
(nalar nittaoe to condense tbe steam than the cylinders of larger engines did 
their respective contents. It was found that by shortening the 
of wkter in the pump, the bailer could supply the cylinder with steam 
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thai Iba engiaa would work regularly with a moderate qnantiCy of injeotian. It 
now appeared that the cylinder ol the model beitig of braea, would condact heat 
much better than the cast-iroa cyliiiilcra of larger eogiaea (generally covered on Um 
tnnldewitba atoay crust), add that caaeiilerableadTaDtage could be gained by maUag 
lliv eyliodera of some Bubatance that would receive and give oulheatelowly; or thaw, 
wood eeemed to be the most likely, provided it tihould provo Bufficienlly durable. 

"A small eogiae was tberefore constructed nith a cylioder six inobea diameter, 
and twelve inches stroke, made of wood, soaked in Unseed oil, and baked to dryneaa. 
With this engine many eipertmenta were made; but it naa soon fonnd that tlia 
wooden cylinder was not likely to prove durable, and that the steam coadenaed in 
filling it itill exceeded the propoition of that required for large engines according to 
the statements of Dpsagnhi^rs. It was also (ouud, that all altempta to produoe » 
butter eihanstion by throwing in more injection, canaed a disproportionate waste of 
tleain. On reScctlon, the cause of this seemed to be the boiling of water in vacao 
at low heats, a discovery lately made by Dr CuUen, and some other philosopben 
(below 100°, as I was then informed), and, consequently, at greater beats, the water 
in the cylinder woold produce a steam which would, in part, resist the preeetire of 
the atmosphere. 

" By experimciite which 1 then tried upon the beats at which water boils under 
aeveral pressures greater than that of the atmosphere, it appeared, that when lb» 
heats proceeded Id an arithmetical, the elasticities proceeded in some geometrioal 
ratio ; and by Inying down a curve from my data, 1 ascertained tbe particular ona 
near enough lor my purpose. It also appeared, that any approach to a vacnnin 
eould only be obtained by throwing in large qnantities of iujectiun. which would oool 
the cyliudcr so much as to require quantities of steam to heat it again, oat of 
proportion to the power gained by the more perfect vacuum ; and that tbe old 
•nglnoera had acted wisely in conteoting themselves with loading the engine witti 
only six or seven pounds on each square inch of tbe area of tbe piston. 

" It being evident ihal there was a great error iu Dr Desaguliera' calculatioiu of 
Mr Beigbton's expertmenls on the bulk of steam, a Florence flask, capable of 
Mntalnlng about a pound of water, had about one ounce of diiitilled water pot into 
H; a ghuu tube was fitted into ila mouth, and the joining mode tight by lappins 
thai port of the lube with packthread covered with glazier'a putty. When lh« 
Itnak wna ut upright, the tube reached down near to the surface of the water, and in 
thai p.»itioii the whole wag placed in a tin reflecting oven before a fire, until tbe 
waior was wholly evajKirated, which happened in about au huur, and might hare 
litun dona aooner had I not wished the heat not much to exceed that of boilius 
walar. As Iho air iu the flask was heavier than the stsam. the Utter aacended to 
llw tup, atid nxpsllud the ail through the tube. 

■I When the water was aU evaporated, the oven and flask were removed from tha 
flrn, and a blast of cold air was directed apainst one side of the flask, to oollect tha 
Dondonstd aleani in one place. When aU was cold, the tube was removed, the ftuk 
Bill) lis oonWnU were weighed with care; and the flask being mode hot. it WM 
UrlHl by blowing into it by bellows, and when weighed again, was found to have lost 
ralhnr moin tlian four grains, estimated at 4) grains. 

■' When thu llask was HUed with water, it was found to contain about 171 onnoes 
•volrdopoi. of that fluid, which gave about laiO for the expansion of water oonTerled 
Inlo •team of ilia heat ol boiling water. 

■■ This ei|Njrimrnl was repeated with nearly the same result ; and in ordat ta 
•seeruln whether the Bask hod been wholly filled with steam, a aimilar quantity rf 
water was tor the third tune evaporated . and, while the Bosk was atiJl cold it wu 
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rltwd interlcd. with its mouth (cootractcd b; the lube) immersed in » veRiwl of 
"ilfi, which il Hacked in M it cooied, ODtil in the temperatare of the fttmoipher* it 
■u tliei to within h&ir-&D-oDnce meatiurf of valer. [In (he conlriruice of this 
Eiperioenl 1 wm uiiBtad by Dr Bluik. In Dr RobiBaa'a edition of I>r Blul's 
'***<litf. Vol. t. page 147. the Utter bints at some experiments apon thia eabfeet 
** nmU b; bim; bat I have tio knowledge of an; except those which I made 
"JftltJ 

"In repetitions of this experlmenl at a later date. I (implified tbe appamltii fajr 
''suiting the tube, and laying the flaak Dpoo its tide id the oien. partly clocing 
"• moalh b; a cork b&viog a notch on one side, and otherviae prooeedinK ai has 
^n mentioDed. 1 do not consider these experimente ae eitreiiielf iu«arale. the 
"'"'j wate^beam of • proper size which I had then at my fommand not being »ery 
^•ibla, and the bulk of the iteam being liable to be influenced by the beat to 
■lucb it ia aspoaed, which, in tbe way detcnbed. is not easily regulated oc asccr- 
'^'BQd : bol, Itom my experience in actual practice, X esteem the expansion to be 
nlbei moi« than I have eompnled. 

"A boiler wu oonstructed which showed, b; iospectian, tbe quaniitj of water 
"^potalad in any given time, and thereby ascertained the quantity of eleam used 
"* every elnike by the engine, which I found to be eereral time* the full of the 
fliiuter. Ailonished at the quantity of water required for the injecliou, and tbe 
P^W bwl it had acquired front the small quantity of water in the form of iteAm 
*bub bad been used in HUini; the cylioder, and thinking I had made some mietake. 
I'm loUowing eipetimcDt was tried : — A gUss tube was bent at rigbt angles, one end 
**• ituericd horiEontally into the spont ol a tea-kettle, and the other part was 
''UBened perpendicularly in well-water contained in a cytindric glass vessel, and 
o paaa through it until it ceasad to be oondsnsed. and the water in 
lluglaaa venel was beeome nearly boiling hot. The water in the glass vessel was 
Ibn foiuid to have gained an addition of about one-sixth port from the condensed 
Coosequeatly, water oonrerted into steam can beat about six times itaown 
vtigbt of well-wster to 'il2°, or till it can oondenee ao more steam- Being slruak 
nth this remarkable tact, and not DndeiBtaniling tbe reason of it, 1 mentioned it to 
Bay IrSend Dr Block, who tbeu eiploined to me bis doctrine of latent heat, which be 
I taiigbt for some time before this period (summer 1764), but having myself 
n oooupied with the pursuit* of bnsiness. it 1 bod beard it 1 bod not attended to 
it, wben 1 thus stambled npon one ol tbe material facta by which that beautiful 
IliAMy is supported. 

"On reflecting further, I peroeived, that in order to make the best tlse of steam, it 
ra* neeesiary. first, that the cylinder ahonld be maintained always as hot as the 
iteom which entered it; and eeuondly, thai when the steam was comleosed, the 
rmtcr of wblefa it was composed, and tba injection itself, sbootd be cooled down to 
mf , or lower, where that was possible. The means of acoompliabing these points 
nedistely present themselves; but early in 176o it occurred to me, that 
a were opened between a cylinder eonlaining steam, and another 
u exbaosted of air and other fluids, the steam, as an elastin fluid, 
liately rush into tbe empty vessel, and continue so to do until It had 
a cqDilibriam ; and if that vessel were kept very cool by an iajeclion 
mora steam would continue to enter until the whole was condensed. 
vaasels being exhausted, or nearly so. bow was the injection water, the 
h would enter with it. and tbe condensed steam, to be got out? 
"Thia I proposed, in my own mind, to perlbnn in two ways. One was by 
I »d»p(uie to lb* aeooDd vessel a pipe reaching downwards more than $* '- ■ hy 
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■ntkl) pipes of the condeneer in a state of vacuum, the etenm ectned tbem Bud 

I tonilCTiaed. The pieton ot the cyliuder iminediiitely roaa and litted * weight of 

Mit 18 lh«^ which mahnDg to the lower end of the piston. rod. The eihauition 

a na shot, the Bteam was readioittvd into tha cjliuder, and the operation vaa 

wy«l«d. the qaantity of eleam coiisamed, and the weights it coald raise wera 

Tcd, mad, eiceptiog the non-appUcntion of the Btcaracaae and eiternol coieriDg, 

DTCDtiaD was complete, in ao [ar as regarded the savingB of ateam and fuel. 

A. large model, with an outer cylinder and wooden ease, was immediately oon- 

itnetod, and th« eiperimenta made with it served to verify the eipectations I had 

loaKd, and to place the advantage □( the invention beyond the reach ot doubt. It 

■H found FoQveiiient aftemBrde to change the pipe- con denser for an empty leaael, 

patially of a cylindrical form, into which an injection played, and in eoneeqnenoe 

tf thee being more water and air to extract, to enlarge the air-pump. 

"The change was made, becaoee, in orderto procure a surfaoe BufScientty eitensire 
lOBBodenae the steam of a large engine, the pipe- condenser would require to be very 
•olminonB. and because the bad water with which engines are frequently supplied 
voold erast over the thin plates, and prevent their conveying the heat sufficiently 
ftdet. The cylinders were also placed with their mouths npwards. and fiirniahed 
viltt a working-beam and other apparatus as was nanul in the ancient engines ; (ha 
fBMition of the cylinder, or rather of the piston-rod, in the model, being only an 
e^vliCDl to try more easily the new invention, and being Bubject to many objections 
la lB>i« eDgines," 

13. Derelopment of Watt'a Eagine : the rotatire 

^P*. In a second patent (17S1) Watt describes the "sun-and- 
pUoet" wheels and other methods of making the engine give 
contmnons revolving motion to a shaft provided with a fly-wheel. 
He had intended to use the crank and connecting-rod, for this 
psrpoee (a mechanical device familiar even at that time fi-om its 
Bae in the common foot-lathe), and had even made a model of it, 
bntthe application of the crunk to the steam-engine had mean- 
utile been patented by one Pickard, and Watt, rather than make 
t^miB with Pickard, made use of bis sun-and- planet motion until 
tile patent for the application of the crank expired. The re- 
ciprocating motion of earlier forma had served only for pumping, 
tnt by this invention Watt opened up for the steam-engine a 
duKisuid other channels of usefulness. The engine was still 
ungle-acting ; the connecting rod was attached to the far end of 
llie beam, and that carried a counterpoise which served to raise 
ti»e pittoo when steam was admitted below it, 

14. rarther ImproTcmentB by Watt lu 1732 Watt 
patented two further improvements of tho first importance, both 
of which he had invented some years before. One wiis the use of 
tloable action, that is to say, the application of steam and vacuum 
to each aide of the piston alternately. The other, which had 

2—2 
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been invented as early as 17ii9, was the use of steam expansively, 
in other words, the plan (now used in all engines that 




.J fiu'U of Hlopping the admission of steam when 

' only a part of its stroke, and allowing the rest 

■ W (H>rformed by the expansion of the steam 

, ..ul,>r To let the piston push aa well as pull 

W.itt devised his so-called parallel motion, 

- lonnecting the piston-rod head with the 

..., «. lo ^tiide the rod to move in a very nearly 
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line. He further added the throttle- valve, for regulating 
the rate of admission of steam, and the centrifugal governor, a 
doable conical pendulum, which controlled the speed by acting 
on the tbrottle-valve. The stage of development reached at this 
time is illustrated by the engine of fig. 7 (from Stuart's History 
of the Steam-engine), which shows the parallel motion pp, the 
governor g, the throttle-valve t, and a pair of steam and exhaust 
valves at each end of the cylinder. 

Among other inventions of Watt were the ''indicator," by 
which diagrams showing the relation of the steam-pressure in 
the cylinder to the movement of the piston are automatically 
drawn; a steam tilt-hammer; and also a steam locomotive for 
ordinary roads, — ^but this invention was not prosecuted. As an 
inventor Watt was skilfully seconded by his assistant Murdoch, 
to whose ingenuity, he says, are due ''many improvements" — 
amongst them, the introduction of the slide-valve as a means of 
controlling the admission and release of steam. 

In partnership with Matthew Boulton, Watt carried on in 
Birmingham the manufacture and sale of his engines with the 
utmost success, and held the field against all rivals in spite of 
severe assaults on the validity of his patents. A special Act of 
Parliament was obtained which extended the patent monopoly for 
a term of twenty-five years fix)m 1775. Notwithstanding Watt's 
knowledge of the advantage to be gained by using steam expan- 
sively he continued to employ only low pressures — seldom more 
than 7 lbs. per square inch over that of the atmosphere. His 
boilers were fed, as Newcomen's had been, through an open pipe 
which rose high enough to let the column of water in it balance 
the pressure of the steam. Following Savery, he adopted the 
term ** horse-power " as a mode of rating engines and gave it a 
particular meaning, by defining one horse-power as the rate at 
which work is done when 33,000 lbs. are raised one foot in one 
minute. This estimate was based on trials of the work done by 
hones; it is excessive as a statement of what an average horse 
can do in working continuously for any long time, but Watt 
pozposely made it excessive in order that his customers might 
have no reason to complain on this score. 

10. Ifon-oondenaing Steam-Englnes. In the fourth 
claim in Watt's first patent, the second sentence describes a 
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-condeoeing engjoe, which would have required steam ctm 
considerably higher pressure than served in the condensing I 
engiue. His narrative also shows that he had made esperiments 
in this direction before devising the separate condeaser. This, 
however, was a line of invention which Watt did not follow up, 
perhaps because so early as 1723 a non- condensing engine had 
been described by Leupold in his Theatruvi Machinarum 
Leupold'a proposed engine (for the main features of which he 
profeBsea himself indebted to Fapin) is shown in fig. 8, which 




k 8. Nwi-oondeoBiog Engina described by Leopold (1725). 



; Ktion sufficiently clear. Watt's aversion to high- 
a^MB «as Ktrong, and its ioHuence on steam-engine 
BKiHvited the expiry of his patents. So much indeed 
^ ^ft that the terms " high-pressure " and " non- 
- ^0. far many years synonymous, in contradia- 
^-^ hn ymrmr" " or condensing engines of Watt. 
I bnger holds good ; in modern practice 
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maoy condensing engines use as high pressures as non-con- 
'ieasiag engines, and by doing so are able to take advantage of 
Walt's great invention of expansive working to a degree which 
VS8 impossible in his own practice. 

1& Use of comparatlTcIy Ugh-preuure iteam. The I 
introduction of the non-coodenfiing and, at that time, relatively I 
high-prei<sure engine was effected in England by Trevithick and 
in America by Oliver Evans about 1800. Both Evans and 
Trevithick applied their engines to propel carriages on roads, and i 
both used for boiler a cylindrical vessel with a cylindrical flue ' 
inside^the construction now known as the Comiah boiler. In 
partnership with Bull, who had been a workman in the employment j 
of Bonlton and Watt, Trevithick had previously made direct- 
acting pa mping- engines, with an inverted cylinder set over and in 
line with the pump-rod, thus dispensing with the beam that had 
been a feature in all earlier forms. But in these " Bull " engines, 
as they are called, a condenser was used, or, rather, the steam was 
condensed by a jet of cold water in the exhaust-pipe, and Boulton 
and Watt successfully opposed them as infringing the patent for 
(»ndensation in a separate vessel. To Trevithick belongs the i 
distinguished honour of being the 6rst to use a steam -carriage on ' 
a railway; in 1804 he built a locomotive in the modem sense, to 
mn on what had formerly been a horse-tramway in Wales; and it 
is noteworthy that the exhaust steam was discharged icito the | 
funnel to force the furnace draught, a device which, 25 years later, i 
in the hands of George Stephenson, went far to make the loco- 
motive what it is to-day. In this connexion it may be added that 
OS early as 1769 a steam-carriage for roads hafl been built in 
France by Cugnot, who used a pair of single-acting high-pressure 
cylinders to turn a driving axle step by step by means of pawls 
and ratchet-wheels. To the initiative of Evans may be ascribed 
the eaxly general use of high-pressure steam in the United States, 
a feature which for many years distinguished American from 
Eogliab practice. 

17. Compound Englnei. Homblower and WoolC A- 

mongst the contemporaries of Watt one name deserves special 
mention. In 1781 Jonathan Homblower constructed and patented 
what would now be called a compound engine, with two cylinders 
of dilfercnt sizes. Steam was first admitted into the smaller 
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oylinder, and then passed over into the larger, doing work against 
a piston in each. In Homblower's engine the two cylinders were 
placed side by side, and both pistons acted on the same end of a 
beam overhead. This was an instance of the use of steam ex- 
pansively, and as such was earlier than the patent, though not 
earlier than the invention, of expansive working by Watt. Horn- 
blower was crushed by the Birmingham firm for infringing their 
patent in the use of a separate condenser and air-pump. 

Soon after the expiry of Watt's master patent in 1800 the com- 
pound engine was revived by Woolf, with whose name it is often 
associated. Using steam of fairly high pressure, and cutting off 
the supply before the end of the stroke in the small cylinder, 
Woolf expanded the steam to six or even nine times its original 
volume. Mechanically the double-cylinder compound engine has 
this advantage over an engine in which the same amount of 
expansion is performed in a single cylinder, that the thrust or 
pull exerted by the two pistons in the compound engine varies 
less throughout the action than that which is exerted by the piston 
of the single-cylinder engine. This advantage may have been clear 
W Homblower and Woolf, and to other early users of compound 
oxpauiuon. But another and a more important merit of the 
^yatt'Ui lies in a fact of which neither they nor for many years 
(heir foUowei*H in the use of compound engines were aware — the 
^^ that by dividing the whole range of expansion into two parts 
•■iw cvliudcrs in which these are separately performed are subject 
0^ ^ rwluoinl range of fluctuation in their temperature. This, as 
^c 4^1 have occasion to point out more particularly in a later 
.'a*iMi04\ hunts to a great extent a source of waste which is present 
u vU st^'^iU'OUginos, namely, the waste which results from the 
loiUiU^ aikI iH.KJing of the metal by its alternate contact with hot 
i.iu ^vv^vr sU^m. The) system of compound expansion is now 
.<u u 'u^y all large engines that pretend to economy. Its 
.uivviUwvAv'44 tivuw the only great improvement which the steam- 
...^,uv »i*^ *.ufc*Wrg^>»o since the time of Watt; and we are now 
^v\>iuii\* it as a very important step in the direction set 
t;^ tir«» i^rinciple/' that the cylinder should be kept as 
V *xv%uu \\^% ontoni it. 
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^wrtifc Pamplnr Bngln«. Woolf introduced 
. «>^i«M ^Miiiowhat widely about 1814, as a pumping 
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engine in the mines of ComwalL But it met a strong competitor 
diere in the high-pressure single-cyUnder condensing engine, 
which was at that time developing, in the hands of Trevithick 
and others, into a machine of great efficiency, and which had 
i& evident advantage over Woolf's in the simplicity of its con- 
Btniction. Woolfs engine fell into comparative disuse, and the 
HDgle-cylinder type took a form which, under the name of the 
COTmsh pumping engine, was for many years famous for its great 
eeoQomy of fuel In this engine the cylinder was set under one 
end of a heam, from the other end of which hung a heavy rod 
which operated a pump at the foot of the shaft. Steam was 
admitted above the piston for a short portion of the stroke, there- 
by raising the pump-rod, and was allowed to expand for the 
remainder. Then an equilibrium valve, connecting the spaces 
above and below the piston, as in fig. 6, was opened, and the 
pomp-rod descended, doing work in the pump and raising the 
cDgine piston* The large mass which had to be started and 
8t(^ped at each stroke served by its inertia to counterbalance the 
ioequalities of steam pressure which were due to expansive 
working, for the pump rods and other reciprocating parts stored 
up energy of motion in the early part of the stroke, when the 
steam pressure was greatest, and gave out energy in the later part, 
when expansion had greatly lowered the pressure. The frequency 
of the stroke was controlled by a device called a cataract, con- 
sisting of a small plunger pump, in which the plunger, raised at 
each stroke by the engine, was allowed to descend more or less 
slowly by the escape of fluid below it through an adjustable 
orifice, and in its descent liberated catches which held the steam 
and exhaust valves from opening. A similar device controlled the 
equilibrium valve. The cataract could be set to give a pause at 
the end of the piston's down-stroke, so that the pump cylinder 
might have time to become completely filled. 

The Cornish engine is interesting as the earliest form which 
achieved an efficiency at all comparable with that of good modem 
engines. For many years monthly reports were published of the 
"duty" of these engines, th6 "duty" being the number of foot- 
pounds of work done per bushel or (in some cases) per cwt. of 
coaL The performance of the engines became a matter of almost 
sporting interest to mining engineers, and no pains were spared 
to "beat the record." The average duty of engines in the 
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Cornwall district rose from about 18 millions of ibot-poui 
per cwt. of coal in 1813 to 68 millioos id 18*4, after 
U-as effort seems to have heeti made to maintain a faigh 
eiency'. In individual cases much higher results were report 
as iQ the Fowey Consols engine, which in 1835 was e 
have a duty of 125 millions. This (to use a more moc 
mode of reckoning) is equivalent to the consumption of < 
a little more than IJlb. of coal per hour per horse-p 
result surpassed by very few engines in even the best i 
practice It is difficult to credit figures which, even in e 
instances, place the Comiah engine of that period on a 
the most efficient modem engines^in which compound expaof 
and higher pressure combiue to make a much more 
thermodynamic machine ; and apart from this there is room t 
question tlie accuracy of the Cornish reports. They played, how- 
ever, a useful part in the process of steam-engine development by 
directing attention to the question of efficiency, and by demon- 
strating the advantage to be gained from high-pressure and 
expansive working, at a time when the theory of the steam-engine 
had not yet taken bhape. 

It may be added that the success of the Cornish type was no 
doubt largely responsible for the tendency which down to a very 
recent period engine builders have shown to interpose a beam 
between the steam -cylinder and the pump or crank on which work 
is being done. For a long time the beam appears, in one form or 
another, as an almost inevitable part of a steam-engine. The 
Vmnn to be learnt from Bull's early direct-acting engine waa 
■ionAtly, in general, overlooked. 

■H Bcrlval of the Compound Engine. The final revival 
^^> oapound engine did not occur until about the middle of 
^V^^BKv.ukI then several agencies combined to bring it about. 
^^3K S3uMghl intnxiuced a plan of improving beam engines 
^^2^^^^^ Vast t\'pe, by adding a small high-pressure cylinder 
^^^_^ggm.wMK^M the beam between the centre and the By- 
^^^.^^ SnUK *C higher pressure than had formerly been 
k in the new cylinder, passed into the old 
K<visalK vhere it was further expanded. Many 
: mu pruving insufficient for the extended 
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nb^nery tbey had to drive were " M'Naugbted" in this way, 
ud after oonvereion were found not only to exert more power but I 
to show a marked economy of fuel. The compound form ' 
Klect«<l by Mr Pole for the pumping engines of Lambeth and i 
other waterworks about 1850; in 1854 John Elder began to use | 
it in miuine engines; in 1857 Mr E. A. Cowper added a steam- 
jacketed intermediate reservoir for steam between the high and 
loir-prea&ure cylinders, which made it unnecessary for the low- 
pressnrepistontobe just beginniug when the other piston was just 
tfidmg its stroke. As the mechanical construction of engines and 
boalers improved and facilities therefore increased for the use of ' 
Ugfa-pressure steam, compound expansion became more and more 
graeral, its advantage becoming more conspicuous with every 
increaae in boiler pressure, Now-a-days there are few large land 
engines and scarcely any marine engines that are not compound. 
In marine practice especially, where economy of fuel is a much 
DtOK important factor in determining the design than it is on 
land, the principle of compound espansion has been greatly 
extended by the general introduction of triple and occasionally 
even of quitdruple cxpansiou engines, in which the steam is 
to expand successively in three or in four cylinders. Even in 
locomotives for railways, where other considerations are of more 
moment than the saving of coal, compound expansion has found a | 
place, though its use there is by no means general. 

The growth of compound expansion has been referred to at 
some length, because it forms the most distinctive improvement 
which the steam-engine has undergone since the time of Watt, 
For the rest, the progress of the steam-engine has consisted in ita 1 
adaptation to particidar uses, in the invention of features of 
mechanical detail, in the recognition and application of thenno- ■ 
dynamical principles, in better structural design and in improved 
methods of manufacture by which it has profited in common with 
all other machines. These have made possible the use of steam 
with eight or ten times the pressure of that employed by Watt, 
and have allowed the mean speed of movement of the piston to be ' 
p«fttly increased, with consequent gains both in the amount of I 
power obtainable from an engine of given size and in the efficiency 
of the action. 

20. Application to looomotlTes. The adaptation of the | 
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st«nm-ei)gine to raUwaya, begun by Trevithick, became a sue 
in the hands ol' George Stephenson, whose engine the " Rocli 
when tried along with others on the Stockton and Darlington 
railroad in 1829, not only distanced its competitors but settled 
once and for ali the question whether horse traction or steam 
traction was to be used on railways. The principal features of the 
" Rocket " were an improved steam-blast for urging the combustion 
of coal and a boiler (suggested by Booth, the secretary of the rail- 
way) in which a large heating surface was given by the use of 
many small tubes through which the hot gases passed. Further, 
the cylinders, instead of being vertical as in earlier locomotivea, 
were set at a slope, which was afterwards altered to a position 
Btill more nearly horizontal. To these features there was added 
later the "link motion," a contrivance which enabled the engine 
to be quickly reversed and the amount of expansion to be readily 
varied. In the hands of George Stephenson and his son Robert 
the locomotive took a form which has been in all essentials main- 
tained by the far heavier locomotives of modem practice. 

21. Application to iteamboata. The first practical steam- 
boat was the tug "Charlotte Dumlaa," built by William Syming- 
ton, and tried in the Forth and Clyde Canal in 1802. A Watt 
double-acting condensing engine, placed horizontally, acted directly 
by a connecting-rod on the crank of a shaft at the stern, which 
oariied a revolving paddle-wht'el. The trial was successful, but 
aleain towing waa abandoned for fenr of injuring the banks of the 
canal. Ton years later Henry Bell built the "Comet," with side 
pacldlo-whools, which ran as a passenger steamer on the Clyde; 
but an onrlior inventor to follow up Symington's success was the 
American Robert Fulton, who, after unsuccessful experiments on 
the Seine, fittod a steamer on the Hudson in 1807 with engines 
made to his doxigns by Boulton and Watt, and brought steam 
navigation for the tirst time to commercial success. 

Thu American river boats soon began to use high-pressure 
■teaitk, but Kngliah engineers looked askance on a practice which 
lini tn fiiiquunt oxplosiona. They were moreover slow to realiso 
that hi^h (irviWHra is a necessary condition of economical working. 
in I(i35 it wft« UHiial for tho pressure in marine boilers to be no 
mWi) than 4 <«■ ft {Kiunds per square inch above the pressure of 
thti atuiuaphuro. and for many years later pressures of 20 or 2» 
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ponads were common. With the iDlruduction of compouml ' 
noliiDg and with the substitution of cylindrical boilers for the 
ve&k box-boiler originally used on board ship the pressure rose 
eobsiderably. Id 1872 Sir F. Bramwell, dcsci-ibiDg the typical 
marine practice of that time', gives a list of engines — all com- 
poDiid — in which the pressure ranged from 45 to 60 poundsL 
Tbo consumption of coaL in these engines was generally from 2 tO 
3J pounds per hour per indicated horse-power, and tho mean 
piston speed was about 350 feet per minute. Nine years later 
Mr F. C. Marshall gives a similar list*, in which the mean pressure 
19 77 pounds, the mean piston speed about 460 feet per minute, 
uid the consumption of coat a triHe under 2 pounds per hour per 
indicated horse-power. These engines were also ol' the type in 
which steam is successively expanded in two cylinders. The triple 
expansion type of engine came into general use shortly after that 
date and led at once to a marked advance in boiler pressure with 
a considerable gain in economy of fuel. Reviewing the progress 
of marine engineering in the decade from 1881 to 1891 Mr 
Blecbynden' gives a list of triple engines with boiler pressures of 
about 160 pounds and piston speeds of about 500 or 600 feet per 
nuDUte. These engines consume on the average about 1^ pounds 
<^coaI per indicated horse- power- hour*. 

The progressive rise in steam -pressure and in piston speed has 
DOt only increased the efficiency of engines but has greatly reduced 
their bulk for a given power. The rate at which work is done per 
B>]uare inch of piston area is equal to the mean piston speed mul- 
tiplied by the mean effective pret^sure, and increased pressure of 
admission implies increased mean pressure throughout the stroke. 
The remarkable efficiency now reached by the marine engine 
13 in part due to its great size ; a big engine being, ctetens paribus, 
mtber more efficient than a small one. The rapid growth in size 
is a marked feature of recent progress. Ten thousand indicated 
borse-powc-r as the performance of a single set of engines is not 
unusual in a first-rate Atlantic liner or in a war vessel. The 

• Pne. In»t Jitch. Eng., 1872. 

* Fne, Iiut. MtcK Eng., 1681. 

■ Proe. Iiut. Mefh. Eng., 1891. 

■ On IhiR Bubj«at tea further a paper bj Bir A. I. Dnttton on the proBiesi of 
Ihjitiv Engineering, lead at the iDternatioiikl Congreas of Naval Architects, 1S97. 
Bnginttrin!/, Jul; 9—16, 1B9T. 
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tiviD-screw engines of the " Paris " or of the " New York " de* 
velope together some twenty thonBaitd horse-power: those of the 
"Campania" and "Lucania" (1893) work at 31,000 horse-power, 
with a boiler pressure of 165 pounds per square inch and a mean 
piston speed of about lOOO feet per minute. We shall have 
occasion in later chapters to mention some of the forms which 
the steam-engine has assumed in present day practice, and to 
state more particularly the results which have been found in 
trials made to determine the efficiency. 

22. Development of the Theory of Heat-Engilnes. It 

is remarkable how little the infancy of the steam-engine has owed 
to scientific nursing. The early inventors had no theory of 
thermodynamics to guide them. Watt had the advantage, aa 
he mentions in his narrative, of a knowledge of Black's doctrine 
of latent heat; but there was no pliilosophy of the relation of 
work to heat until long after the inventions of Watt were com- 
plete. The theory of the steam-enfjine as a heat-engine may be 
Mud to date from 1824, when Carnot published his Reflexions gur 
ta Puissance MotrCce du Feu. He there showed that heat does 
work only by being let down from a higher to a lower temperature. 
But Camot had no idea that any of the heat disappears in the 
process, and it was not until the doctrine of the conservation of 
energy was established in 184f3 by the experiments of Joule, which 
determined the mechanical equivalent of heat, that the theory 
of heat-engines began a vigorous growth. Important data were 
furnished by Regnault's classical experiments on the properties 
of steam, the results of which were published in 1847. From 1841) I 
eawuds the science of thermodynamics was developed with extra- I 
jidoiUT ntpidity by Clausius, lUnkine.and Thomson (Lord Kelvin), | 
and ««s applied, especially by Rankine, to practical problems in 
^. ,|p, jrf atnam. The publication in 1859 of Kankine's ManiuU 
^^Htmh-E-ffiits formed an epoch in the philosophical treat- 
^^^ ^ ^^ subject and gave steam engineers the opportunity 
^ „^p^ 'u> bfr more empirics. Unfortunately, however, for its 
j^Mjt-g.HMrtW while the thermodynamic theory was rigorous 
-^ tp^iAkntion of it to steam-engine problems was 
.4U fimndod on curtain simplifying assumptions 
.-- Dn» since shown to be for from correct. It 
___^^p^ -^f **■* cylinder and piston might be treated as 
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behaving to the steam like non-conducting bodies, — that the- 
der of heat between the steam and the metal was negligibly 
RoalL Rankine's calculations of steam •consumption, of work, 
•od of therm odynamic efficiency involve this assumption, except 
ia the case of atearu-jacketed cylinders, where he estimate*] 
that the steam in its passage through the cylinder takes juat- 
igh heat from the jacket to prevent a small amount of con- 
denBati'>n which would otherwise occur as the process of expan-sion' 
goes oo. These assumptions are not supported by experiment. 
If the transfer of heat from steam to metal could be overlooked, 
the steam which enters the cylinder would remain during ad- 
mission as dry as it was before it entered, and the volume of 
steam consumed per stroke would correspond with the volume of 
the cylinder up to the point of cut-off. It is hero that the actual 
behaviour of steam in the cylinder diverges most widely from the 
bdukviour which has been assumed. When steam enters tha 
cyUnder it finds the metal chilled by the previous exhaust, and a 
portion of it ia at once condensed. This has the effect of in- 
CKosing, often very largely, the volume of boiler steam required 
per stroke. As expansion goes on the water that was condensed 
during admis.sion begins to be re-evaporated from the sides of the 
cyBnder, and this action is generally continued during the escape 
ot the steam. In later chapters the effect which this exchange of 
heat between the metal of the cylinder and the working fluid 
produces on the economy of the engine will be discussed, and an 
SGOoant will be given of experimental means by which we may 
examine the amount of steam that is initially condensed and trace 
its subsequent re-evaporalion. The influence which the walls of 
the cylinder exert is in fact immense, by the alternate give ami 
take of beat between them and the steam. It ia now recognized 
that any theory which fails to take account of these exchanges of 
heat fails also to yield even comparatively correct results in cal- 
culating the relative efficiency of various steam pressures or various 
ranges of expansion. But the exchanges of heat are so complex 
tiuit there seems little prospect of submitting them to any com- 
prehensive theoretical treatment, and we must rather look for 
help in the future development of engines to the scientific analysis 
of experiments made upon actual machines. Many such experi- 
mentiB have been made aud their value is now fully realised, by no 
penons more than by the designers of the best modern engines. 
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Questions relating to the influence on thermal economy of speed, 
of pressure, of ratio of expansion, of jacketing, of compound 
expansion, or of superheating must in the main be settled by an 
appeal to experiment. The student must not, however, conclude 
that because the conditions under which an actual engine works 
are so complex as to make an exact theory of the action im- 
practicable, no theory need be studied. The very complexity of 
conditions makes the study of theory more necessary, as a guide in 
judging what conditions are favourable to efficiency and what are 
unfavourable. Moreover the general theory of heat-engines gives 
the steam engineer a counsel of perfection, by assigning a limit of 
efficiency which engines may approach but cannot surpass. Even 
to interpret rightly the results of experiments requires a know- 
ledge both of the principles of thermodynamics and of the physical 
properties of steam. 

JUfereneei, — ^Dircks, Life of the McurquU of WoreeiteVt 1865, containing a reprint 
of the Century of Inventioru (1663). Desagulien, Couree of Experimental Philo- 
iophy, 1763. Bobison, System of Mechanical Philoeophy, Vol. n. 1822. Stuart, 
Deteriptive History of the SUam-Engine, 1825; Farey, Treatise on the SUam-Engine, 
1827; Tredgold, The Steam-Engine^ 1838; Mairhead, Mechanieal Inventions of 
James Watt, and Life of Watt; Galloway, The Steam-Engine and its Inventors \ 
ThnrBton, History of the Growth of the Steam-Engine ; Cowper on the Steam Engine 
{lleat Lectures, Inst, C.E,, 1881). 



CHAPTER IL 

ELEMENTABY THEORY OF HEAT-ENGINES. 

23. Irfiwi of Thermodynamics. The Fint Law. In the 

actioD of a heat-eugine, heat is either taken in by the engine fix>m 
a fbiDaoe or from some external source or is generated by the com- 
bustion of fiiel within the engine itself. A portion of the heat thus 
supplied is spent in doing mechanical work and so ceases to exist 
as heat, being converted into another form of energy; and the 
remainder is rejected by the engine, still in the form of heat. The 
relation which holds between the heat supplied, the heat converted 
iDto mechanical energy, and the heat rejected depends on two 
general principles which are described as the two Laws of Thermo- 
dynamics. The first law states the fieu;t that the amount of heat 
which disappears in the process (as heat) is proportional to the 
amount of mechanical work done in the engine ; in other words, 
it states the principle of the Conservation of Energy in relation to 
the doing of mechanical work by the agency of heat This may 
be expressed in the following terms: — When mechanical energy 
is produced Jrom heat a definite quantity of heat goes out of 
taeisience for every unit of work done ; and conversely, when 
heat is produced by the expenditure of mechanical energy the same 
definite quantity of heat comes into existence for every unit of 
Vfork spent 

To put this statement into a numerical form we must have a 
unit for the measurement of quantities of heat as well as a unit 
for the measurement of mechanical work. For engineering purposes 
the foot-pound is the common unit of work. This convenient and 
&miliar unit is open to the objection that it has slightly difierent 
values in different places on account of differences in the intensity 

a. 3 
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of gravity; but these differences are scarcely large enough to be 
important from a practical point of view. In casea where greater 
precision of statement ia required a particular locality or rather a 
particular latitude has to be specified, or recourse may be had to 
absolute units, such as the foot-poundal or the erg, which are 
independent of gravity. 

Quantities of heat are expressed in terms of the thermal unit, 
which is the quantity of heat required to raise the temperature of 
1 lb. of water by 1 degree. Fahrenheit's scale is generally used by 
English engineers in stating temperature, and so the Fahrenheit 
degree is to be understood in this definition. The corresponding 
unit of heat on the Centigrade mode of reckoning would be greater 
in the proportion of nine to five. To make the definition of the 
thermal unit precise we have to specify at what place in the scale 
of temperature the change through one degree is supposed to 
occur, for the specific heat of wator is not quite constant. Ac- 
cording to Regnault, it takes rather moi-e heat to raise the 
temperature of a pound of water 1 degree if the temperature is 
high than if it is low. Later experiments, however, show that 
when water is warmed from the temperature of melting ice its 
specific heat at first decreases slightly as the temperature rises, 
though at higher temperatures it increases. By Rankine and 
others the standard temperature assumed in the definition is that 
of the maximum density of water, or about 39° Fah. : later writere 
have prt^forrcd ti> take a standard temperature of about 60° Fah. 
Further, for the purpose of exact definition it is necessary not only 
to Bpeoify the sttudard temperature, but also to say whether the 
1 degree interval of temperature is to be taken on the scale of 
the mercury thermometer or on that of the air or other gas 
thermometer. 

Our knowledge of the mechanical equivalent of heat is origin- 
ally duo to the experiments of Joule, which were begim in 1843 
and oontiinied for many years. Causing the potential energy of a 
raided weight to be spent in turning a paddle which generated 
hc<at by the agitation of the liquid in which it was immersed and 
obiK'rving the increase in temperature which this brought about. 
Joule arrived at the figure 772 as the number of foot-pounds 
equivalt'nt to one thermal (Fahrenheit) unit, and this was for long 
ihu coiumonly accepted value of the mechanical equivalent of heat 
Lat«r »x(M3rimonts by Joule himself gave a larger number; in 
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IS78 &I1 improved method of measuremenf, in which the mechaai- 
csl etirring of water was still uaed, pointed to a value betweeu. 
774 and 775. A comparison by Rowland' of the scale of thel 
imeter used by Joule with that of an air thermometer liid 1 
to ft further increase in this number, bringing it to about 778, ] 
the staodard temperature being about CO" Fah. and the interval 
of 1 degree being taken on the air thermometer. This value baa I 
ttK«ived confirmation from the experiments of Rowland himself 
ud mwe rucently from those of Griffiths', which were conducted 
by entirely different methods. The results of Griffiths and other 
ncent investigators point indeed to a somewhat higher value 
■till. An important determination by Oabome Reynolds and 
W, il. Moorby', of the amount of work spent in raising the 
temp^^mture of water from 32° Fah. to 212' Fah. gives very 
approxinmtely 778 foot-pounds as the mean value of the mecha- 
nical e^iuivalent throughout that range : in other words, 180 tiniea '■ 
778 is the number of foot-pounds of work required to raise the I 
temperature of 1 lb. of water from 32° to 212°. This mode of J 
defining and measuring the mechanical equivalent has the advan- 
tage of escaping all ambiguity in regard to the thermometric scale ' 
ued in specifying the unit of heat, Taking the evidence together 
tbere can be no doubt that the old number is too low, and that 
the mechanical equivalent of one thermal unit is at least 778 and 
perhaps as much as 779 or even 780 foot-pounds. The number 
778 is used in the calculations that occur in this book. Since a 
definite number of foot-pounds is equivalent to 1 thermal unit, we i 
■>a^, if we please, express quantities of work in thermal units, or \ 
ipuotities of heat in foot-pounds*. 



* ^^ettdingt of tht American Aeairmy, 1879. 

* rm. Tmu. Boy. Soe. tS93. ■ 

* To MMpe the nncettaiDty which atlnohes to a c 
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*)ileb !■ required to eraporate onit jntna of water, nuder 
neb nuita have not come into use. A oommittee or 
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BSit or heal, camely 4-2 x W ergs. This number i 
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mder a specified presnaia, bnl 
e or tbe Britigli Association 
■nded the use of a djcam 
(acoording to the nioBt rei 
B|nimBaU) approiimatel; equivalent to the heat leqmred to raise 1 gramini 
■Utr thnmiib VO. {m the gas thermometer) at ordinur? tent petal ntes ; and 
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■oDpentara, which is not as yet defined. This definitioa amounts 
l*! X Vf ergt are a mecbanicol equivalent of 1 gramme -degree, leaving the 
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24. The Second Law of ThermodynamicB. It is t 

possible /or u self-acting machine, unaided by any e.Ttemal agett 
to convey heat from one body to another at a higher temperaiura,m 
This is the form in which the second law has been stated^ 
Clauaius'. Another statement of it, different in furra but s 
in effect, has been given by Lord Kelvin'. Its force may not be 
immediately obvious, but it will be shown below that this law sets 
a moat important limit to the convertibility of heat into work. 
So iar as the first law goes, there is nothing to prevent the 
whole heat taken in by an engine from changing into mechanical 
energy. In consequence of the second law, however, as we shall 
presently see, no heat-engine converts, or can convert, more than 
a small fraction of the heat supplied to it into work ; a large part 
is necessarily rejected as heat. The ratio j 

Heat converted into work J 

Heat taken iu by the engine " 

is a fraction always much less than unity. This fraction is called 
the efficiency of the engine considered aa a heat-engine. 

25. The Working Substance In a Heat-Engine. In 

every heat-engine there is a working substance which alternately 
takes in and rejects heat, In general it suffers changes of volume, 
and does work by overcoming resistance to these changes. The 
working substance may be gaseous, liquid, or solid. We can, for 
example, imagine a heat-engine in which the working substance 
is a long metallic rod, arranged to act as the pawl of a ratchet- 
.«beel with closely pitched teeth. Let the rod be heated so that 

iDBpeeified Qtilil further knowledge at the specific beat of water 

The nkine CaJory ia proposed for tbie anit. Siaoe 1 root-ponDd 

hutude of Oreenwbh) is 1-3565 x 10' ergs, Ihia calory U, aocardinB to 

thu bettt-eqiuTalent of ., .^ or 30!)6 foot-pouods. Further, u 

llg|4i — minuM in lib., tnd 1'8°C. in 1° Fob., the British tbennBl niut 

*"* ur 25* Rnmime'defireofl. Hucca if the caloir as above deSoed 
V9 
^^ m wwwMtmS o"* granii'" dsuree, the mechanical equivalent o[ the 
' ■ ,^1^1 ,n „^\i be asa X 3'OOfl or 780 foot-pounds. 

k«M namif ^ if>i^* obtBiDud by ynriouB obHcrvcrB will be foand in 
tMK^VtOntlki on the thomial unit, I'hil. Mag. Not. 1895. 

- - - f^ g^ —l TAfuiJ 0/ Ural, tranibilcd by W. R. Browne. 

I'llStW. Thuniion's) Calltcttd raprri. Vol. t., for his early 
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elongates sufficiently to drive the wheel forward through the 
t(nce of one tooth. Then let the rod be cooled (say by applying 
oald water), the ratchet-wheel being meanwhile held from return- 
ing by a separate click or detent. The rod, on cooling, will retract 
sa &s to engage itself with the next succeeding tooth, which may 
then be driven forward by heating the rod again, and so on. To 
nuke it evident that such an engine would do work, we have only 
to suppose that the ratchet-wheel carries round with it a drum by 
tdnch a weight is wound up. The device forms a complete heat- 
agiiie, in which the working substance is a solid rod, which 
receives beat by being brought into contact with some source of 
heat at a comparatively high temperature, transforms a small part 
of this heat into work, and rejects the remainder to what we may 
oil a receiver of heat, which is kept at a comparatively low temptira- 
tore. The greater part of the heat may be said simply to pass 
through the engine, from the source to the receiver, becoming 
degraded as regards temperature as it goes. It will be seen presently 
that this is typical of the action of all heat-engines ; when they are 
doing work they must take in heat at a comparatively high 
temperature and reject heat at a comparatively low temperature, 
n^ oonvert some heat into work only by letting down a much 
laigcT quantity of heat from a high to a relatively low tempera- 
tuiet The action is, to some extent, analogous to that of a 
voter-wheel, which does work by letting down water from a high 
to a lower level, change of level in the one case being the analogue 
of change of temperature in the other. But there is this important 
difference, that whereas in the action of the water-wheel none 
«f the water disappears, in the action of the heat-engine an 
UQOont of heat disappears which is equivalent to the work done. 

26. Qraphlo Kepresentatlon of Work done In the 
ehangea of volume of a Fluid. In almost all actual heat-engines 
the working stihstance is a Huid. In some it is air. in some a 
nixlure of several gases. In the steam-engine the working fluid 
isB mixture (in varying proportions) of water and steam. With a 
fiuid for working substance, work is done by changes of volume 
only ; its amount depends solely on the relation of pressure t 
'oltune during the change, and not at all on the form of the v 
in which the change takes place. Let a diagram be drawn (fig. i 
in which the relation of the intensity of pressui-e to the volume a 
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any suppoBed working fluid is graphically exhibited by the line 
ABC, where AM, CN are pressures and AP, CQ are volumes, then 
the work done by the substance in expanding &om volume AP to 
volume CQ is the area of the figure MABCN. And similarly, if 
the substance be compressed fix>m volume CQ back to its ongbal 
volume in such a manner that the line CDA represents the relation 
of pressure and volume during compression, a quantity of work 
is done upon the substance which is represented by the area 
NCDAM. Taking the two operations together, we find that the 




nlifflance has done a net amount of work equal to the area of the 
sAatfed figure ABCDA, or JPdV. This is an example and a 
g(UKndi»tion of the method of representing work which Watt 
ifiteodhtfi^ by his invention of the indicator ; the figure ABCDA 
y }» called the indicator diagram of the supposed action. 
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Qf^im of operationf of the worUnf iubttanoo. 

i)nM» of the indicator will be described in a later chapter. 

pm^iit it may suffice to say that the indicator draws 

m diagram showing the relation of the pressure of 

to the movement of the piston, or in other words 

vf working fluid in the cylinder, and thus gives 

to the work done throughout the stroke. 

ines the working substance returns periodi- 

steke of temperature, pressure, volume, and 

Bfcoh time this has occurred the substance is 

IdkKttgh a complete cycle of operations. For 

steam-engine, water taken &om the hot- 

VQiler; it then paswes into the cylinder as 

(tin Qondenser, and thence again as water 
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into the hot-well ; it completes the cycle by returning to the same 
conditioii as at first. In other less obvious cases, as in that of the 
non-coiidensiiig steam-engine, a little consideration will show that 
the cycle is completed, not indeed by the same portion of working 
sabstance being returned to the boiler, but by an equal quantity 
of water being fed to it, while the steam which has been discharged 
into the atmosphere cools to the temperature of the feed-water. In 
the theory of heat-engines it is of the first importance to consider 
as a whole the cycle of operations performed by the working 
sabstance (as was first done by Camot in 1824). If we stop short 
of the completion of a cycle matters are complicated by the fact 
that the substance is in a state different from its initial state, 
and may therefore have changed its stock of internal energy. 
After the cycle is completed, on the other hand, the internal energy 
of the substance is necessarily the same as at first, since the con- 
dition is in every respect the same. Hence in regard to the cyclic 
process as a whole this equation must hold good. 

Heat taken in = work done + heat rejected. 

28. Engine ndng a perfect gas as working substance. 

It is convenient to approach the theory of heat-engines by 
considering, in the first instance, the action of an engine 
in which the working substance is any one of the so-called 
permanent gases, or a mixture of them, such as air. The word 
permanent, as applied to a gas, is to be understood only as meaning 
that the gas is liquefied with difficulty — by the use of extremely 
low temperature in coujunction, generally, with high pressure. 
So long as gases are under conditions of pressure and temperature 
widely different from those which produce liquefaction, they 
conform veiy approximately to certain simple laws — laws which 
may be regarded as rigorously applicable to ideal substances 
called perfect gases. After stating these laws we shall examine 
the eflEiciency of a heat-engine using a gas in a certain manner as 
working substance, and then show that the results so derived have 
a general application to all heat-engines whatsoever. In this pro- 
cedure there is no sacrifice of generality, and a part of the process 
is of independent service in the discussion of actual air-engines. 

The laws which have now to be stated are very nearly 
though not absolutely true for air, oxygen, nitrogen, hydrogen and 
carbonic oxide» except when at specially high pressures or specially 
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low temperatures. Hydrogen probably comes nearest to the ideal 
of a perfect giis ; but no real gas is in this sense strictly perfect. 

S9. I>awB of the penoaoent gasei. Boyle's law. The 

laws which are very approximately true of the permanent gases, 
and may be regarded as strictly true of the ideal perfect gas, are 
the following: — 

Law 1 (Boyle). The volume of a given mass of gas varies 
inversely/ as the pressure, provided the temperature be kept constant 

Thus, if F be the volume of a given quantity of any gas, and 
P the pressure, then so long as the temperature is unchanged — 

V varies inversely as P, or PF=constant. 
For air the value of this coDstant is 26220 when the temperature 
! 32" F., V being taken aa the volume in cubic feet of 1 lb. of air, 
and P being expressed in pounds per square foot. 

30. Charlei'i law. Law 2 (Charles). Under constant pres- 
sure equal volumes of different gases increase equally for the same 
increment of temperature. Also, if a gas be heated under constant 
pressuT^, equal increments of its volume correspond very nearly to 
eifual intervals of temperature as determined by the scale of a mer- 
cury thermometer. 

If, for example, we take a vessel containing a quantity of 
air and heat it from one temperature to another, taking care to 
arrange the experiment so that the air may expand without any 
change in its pressure, we shall find that a certain change of 
volume takes place. Let any other permanent gas then be substi- 
tuted for the air in the vessel and let the experiment be repeated 
by Leating this other gas from the same initial to the same 
final temperature as before, the pressure being still kept constant. 
The volume will be found to have changed by sensibly the same 
amount aa was observed in the experiment with air. And further, 
if the experiment be varied by using a greater or smaller interval 
of temperature, it will be found that the change of volume under- 
gone by the air or by any other gas that may be substituted for it 
is very apprexinmtely proportional to the magnitude of (be 
interval of temperature as measured on the scale of the 
ordinary mercury thermometer. This is equivalent to saying that 
if we use an air-thermometer (where the air is allowed to 
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expand without change of pressure) to measure temperatures, 
defining equal intervals of temperature to be those which corre- 
spond to equal expansions on the part of the air, we obtain 
a thennometric scale which is in substantial though not perfect 
agreement with the usual mercurial scale, which defines equal 
intervals of temperature to be those that correspond to equal 
expansions of mercury in glass. 

Experiment shows that the amoimt by which a gas expands 
when its temperature is changed by one degree Fahrenheit, the 
pressure being kept constant, is about j^ of its volume at 32"^ F. 
Thus if we take 493 cubic inches of air or any other permanent gas 
at the temperature 32'' and heat it to 33" its volume alters to 494 
cubic inches. If we heat it to 34° its volume becomes 495 cubic 
inches and so on. Similarly if the gas be cooled from 32"^ F. to 
iV F. its volume changes from the original 493 cubic inches to 
492, and so on. 

Putting this in a tabular form, let the volume be 

493 at 32° F. 
It will become 492 at 31° F. 

461 at 0° F. 

ind finally would be at - 461° F., 

if the same law could be held to apply at indefinitely low tempe- 
ratmea Any actual gas would change its physical state before so 
low a temperature were reached 

SI. Abfolute temperature. The above result may be con- 
Qsely expressed by saying that if temperature be reckoned, not 
from the ordinary zero but from a point 461° below the zero of Fah- 
renheit's scale, the volume of a given quantity of a gas, kept at con- 
stant pressure, is proportional to the temperature reckoned from that 
sera Temperatures so reckoned are called absolute temperatures, 
and the point — 461'' F. is called the absolute zero of temperature. 
DenotiDg any temperature according to the ordinary scale by t, 
and the corresponding absolute temperature by r, we have 

T = t + 461 on the Fahrenheit scale, 

and T = t + 274 on the Centigrade scaled 

* The poAition here assigned to the absolute zero of temperatare is thai 
bj Bankioe {Steam-Enginef p. 226) and is based on a resalt quoted from Ba 
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33. The Spwdfle Heat of » gu. Law 3 (Begnautt). Tkt 
ijmjie heat at conslant pressure is constant /or any gas. 

By specific heal at constant pressure is meant the heat taken 
in by 1 !b. of a aubstance when ita temperature rises 1° F., while 
tiie preaanre remains unchanged — the volume being allowed to 
change. The law states that this quantity is the same for any 
one gaa, do matter what be the temperature, or what the constant 
pressore:, at which the process of heating takes place. I 

Another important quantity in the theory of heat-engines 
is the 8peci5c heat at constant volume, that is, the beat taken in 
by 1 lb. of the substance when its temperature rises 1° F. while 
the volume remains unchanged — the pressure being free to change. 
We shall denote specific heat at constant pressure by K^ and 
speciBc heat at constant volume by A",. An obvious difference 
between the heating of a gas at constant pressure and at constant 
volume is that when heated at constant volume the gas does no ' 
work, whereas heatdng at constant pressure involves expansion of | 
the gas and consequently the doing of an amount of work equal to 
the product of the pressure and the increase of volume. Let 1 lb. I 
of a gas be heated at constant pressure P from temperature t, to I 
temperature t, (absolute). Let V, be the volume at t, and V, the J 
volume at t,. Heat is taken in, and external work is done by the | 
expansion of the gas, namely — J 

Heat taken in = K^ (t, — t,). J 

Work done = P(7,-F,) = c(t,-t,). I 

The difference between these quantities, or (Kp — c) (t,— Ti), ia 1 
the amount by which the stock of internal energy possessed by 
the gas has increased during the process. It will be shown 
immediately that this gain of internal energy is the same 
when the gas has ita temperature changed in any other manner 
&om Ti to T, aud is independent of the condition of the gas aa 1 
to pressure. 

34. The Internal Energy of a ^ai. Law 4 (Joule). When \ 
a gas expands without doing external work, and witliout tak-ing in \ 
or giving out heat (and therefore wiOiout changing ita stock of 
internal energy), ita temperature does not change. ' 

This fact was established by the experiments of Joule. 
He connected a vessel containing compressed gas Ker^ 
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- vessel which was empty, by means of a. pipe with & closed atop-« 
Both vessels were immersed in a tub of water and were allowed to 
assume a uniform temperature. Then the stop-cock was opened, 
and the gas distributed itself between the two vessels, expanding 
without doing external work. After this the temperature of the 
water in the tub was found to have undergone no change. The 
temperature of the gas was unaltered, and no heat had been taken 
in or given out by it, and no work had been done by it. 

Since the gas bad neither gained nor lost heat, and had done 
no work, its internal energy was the same at the end aa at the 
beginning of the experiment. The pressure and volume had 
changed, but the temperature had not. The conclusion follows 
that the internal energy of a given quantity of a gas depends only 
on its temperature, and not upon its pressure or volume; in other 
words, a change of pressure and volume not associated with a 
change of temperature does not alter the interna] energy. Hence 
in any change of temperature the change of internal energy is 
independent of the relation of pressure to volume during the 
operation : it depends only on the amount by which the tempera- 
ture has been changed. 

Later experiments by Joule and Lord Kelvin have shown that 
in air and other real gases there is a small fall of temperature 
when the gas expands without doing work'. In other words, there 
is an appreciable deviation from Joule's Law, which like the other 
laws stated here is to be regarded as strictly true only in the case 
of an ideal perfect gas. 

To express the quantity of energy which becomes stored up 
in a gas when its temperature rises, or ia extracted from the 
gas when its tempemture falls, we may consider either the case 
of heating at constant volume, or at constant pressure, since 
the internal energy depends on the temperature and on nothing 
else. 

In the operation of heating any substance we have 
Heat taken in = work done 4- increase of internal energy. 

Take the case of heating at constant volume, and suppose a 

' S«e Lord Eelvin's CoUfeted Paper; Tol. i, p. 3.t!<. The full ol temperatare, 
■mall ss il ie, vhich occars when a compreBaed gas u alloved to escape throngh 
ft constricted oriSce Soma the basis ol Liude's TegeneraliTB process of obtaming 
eioessiTel; lotr temperatures, which he has sacoessfnU; applied to the liijuetagtion 
of air and to the lepaiatloa of the oiygeo of air from the uitrogea. 
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Ih. of gas (assumed perfect or sensibly perfect) to be so heated 
£K»n absolute temperature r^ to absolute temperature rg. The 
heat taken in is 

by definition of K,, the specific heat at constant volume. No 
external work is done, and hence the whole of this heat goes to 
increase the stock of internal energy. But in whatever way the 
temperature be changed from Ti to r^ the change of internal 
energy is the same. Hence this expression 

measures the change of internal energy which 1 lb. of the gas 
suffers whenever its temperature changes from r^ to r, in any 
manner whatsoever, no matter how the volume and the pressure 
vary during the process. 

8&. Selation between the two Specific Heats. We are 

now in a position to establish a relation between the two specific 

heats of a gas, K^ and Kp, It was seen by § 33 that when a gas is 

heated fix)m Ti to Ts in one particular way, namely, at constant 

pressure, the change of its internal energy per lb. may be 

exjHressed as 

(Kp - c) (t, - Ti). 

This expression must agree with the one just found, and 

hence 

K^^Kp^c (2). 

K . 

The ratio j^ enters into many thermodynamic equations 

and is usually denoted by the letter y. Using this symbol the 
above equation may be written 

^.=;7^ (3). 

36. Valaee cf the constants ibr Air. The constant 26220 
given in §29 as the value of PF when V is the volimie in cubic 
feet of 1 lb. of dry air at 32*" F., and P is the pressure in pounds 
per square foot, is derived from a measurement of the density of 
air by B^;nault. Taking the absolute zero of temperature to be 
461 degrees below the zero of Fahrenheit's scale, we divide thiP 
number by 493 to find c in the formula PV=cr. This 7 
cs 53-18. 
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BegDaiilt's measurements of the speciiic heat of dry air give 
0-2375 thermal units as the value of /fp. Taking t to be 778, 
this is equivalent to 184"8 foot-pounds. Subtracting c from this 
we find K^ to be 131 '6 foot-pounds, or 0-1691 thermal units. With 
these data the ratio of the specific heats, Kp jK^ or 7, is therefore 
1-40-1. Determinations of 7 in air by other methods have generally 
given a slightly higher value, such as 1-408. For most calculations 
1'4 is near enough. 

To find the constants for other gases, take values of c inversely 
proportional to the density as given in Regnault's Tables'. These 
tables also give values of K^. K^ is then found by subtraction of e 
from Ky. 

37. Work done by an expanding fluid. We now 

return to the consideration of imaginary indicator diagrams, 
which exhibit the relation of the pressure to the volnme of a 
fluid working substance during its eipanaou of ((tiring ita 
compression, in order to study the form which the expansion or 
compression curve assumes in certain particular cases. 

In most of the instances which present themselves in the 
theory of heat-engines such curves may be exactly or approxi- 
mately represented by an equation of the form 

i*V"* = constant, 
where the index n has various numerical valuer but is a constant 
for any one curve. Wo proceed to find 
the values which n takes in two veiy im- 
portant modes of expansion. Let AB, 
figure 10, be a curve of expansion, for any 
fluid, to which the general formula i*F"= 
constant is applicable. The fluid is sup- 
posed to expand from.d, where the pressure 
is^i and the volume F,, to B, where tho 
pressure is P, and the volume is l',. ''^- ^0. 

During this expansion it does an amount of work which is 
measured by the shadfd area undt^r the cni-ve. That is to say 
if W denote the work dono during exjMinsion, 

"-fr."^- C*X 

> Bm Enrell'i t'niM 
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the integral being taken between the limits F, and Vi. To 
integrate we have to remember that the pressure and volume 
at any point are such that 

P F* 
Hence substituting i,^ for P in (4), this expression for the 

work done becomes 

which gives on integration 

p ITn / IT i-n _ TT i— n\ 
jp^ ^iK, {V, V^_) ^.^ 

1 — n 
This may also be written 

^^ P,F,(l--r^-^) ^g 

n— 1 

where r is the ratio of expansion, that is to say, the ratio of the 
final volame F, to the initial volume Fi. 

Since PiV^^P^Vj^, still another form in which the above 
result may be expressed is readily derived from equation (5), 
namely, 

^" "^'^'f'^' (^)- 

If instead of expanding from AtoB the fluid were compressed 
from B\xi A the expression given above for W will measure the 
work spent upon the fluid instead of work done by it. 

Further, if the working substance be a gas, in which (by the 
laws of Boyle and Charles) PF=ct, equation (7) may be written 

F=£<IlZ^> (8). 

n — 1 

once PiFi«CTi and PaF, = CT,. 

S8L Adiabatlc Expansion. We have next to consider 
particnUur modes in which any working substance may be ex- 
panded or compressed. One very important case is that which 
oocois when the fluid neither receives nor rejects heat as it 
expands, or as it is compressed. This mode of expansion or 
oompresBion is called adiabatic, and a curve which exhibits 
the relation of P to F in such a process is called an adiabe 
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line. In any adiabatic process the substance is neither gaining 
nor losing heat by conduction or radiation or internal chemical 
action. Hence the work which a substance does when it is 
expanding adiabatically is all done at the expense of its stock of 
internal energy, and the work which is spent upon a substance 
when it is being compressed adiabatically all goes to increase its 
stock of internal energy. Adiabatic action would be realized if we 
had a substance expanding, or being compressed, without chemical 
change, in a cylinder which (along with the piston) was a perfect 
non-conductor of heat, and was opaque to heat-rays. 

In actual heat-engines the action is never strictly adiabatic on 
account of the fact that more or less heat passes by conduction 
between the working fluid and the inner surface of the cylinder. 
The more quickly the process of expansion or compression is 
performed the more nearly adiabatic it becomes, for there is then 
less time for this transfer of heat to take place. 

Coming now to the particular case in which the working 
substance is a gas, since in adiabatic expansion or compression 
the work done is equal to the change of internal energy we may 
determine the law of adiabatic action in a gas as follows. Taking 
expression (8) for the work done, namely, 

we have to find what value of n in the general formula PV^^ 
constant will make the process adiabatic. We have seen (§ 84) 
that in any change of temperature from Ti to Tj a gas loses internal 
energy to the amount 

-Sr„ (ti - T,), 
which may be written 

7-1 ' 

7 being (§ 35) the ratio of the two specific heats. 

Hence, equating the work done with the loss of internal energy, 
the condition of adiabatic expansion is secured when 

^ n-1 7-1 W* 

i^rom which n = y, 

\ 
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expansion or comfMression will therefore be adiabatic when 

PV> = con8tant, (10), 

or in other words this is the equation of an adiabatic line for a gas. 

39. Change of temperatiin in the adiabatic espaniion 
of a gas. When a ^as is expanding adiabatically its stock of 
internal energy is being reduced, and hence its temperature (to 
which the internal energy is proportional, by § 34) falls. Conversely, 
in adiabatic compression the temperature rises. The amount by 
which the temperature changes is found by combining the 
equations 

Multiplying them together we have 



wlience 



or 




(ii)> 



where r is as before the ratio of expansion. This result of course 
applies to compression as well as to expansion along an adiabatic 
line. 

As to expansions which are not adiabatic, it follows, from the 
expressions given above for the external work done by an 
expanding gas and for the change of internal energy, that if n 
LB less than y the work done is greater than the loss of internal 
energy — that is to say, the gas is then taking in heat while it 
expands On the other hand, if n is greater than y the work done 
is less than the loss of internal energy ; in other words, the gas is 
then rejecting heat by conduction to the walls of the containing 
vessel or in some other way. 

By way of exemplifying an adiabatic process suppose a quan- 
tity of dry air to be contained in a cylinder at a temperature of 
GO"* Fah. (rs521) and to be suddenly compressed to half its 
original volume, the process being so rapid that no appreciable 
part of the heat developed by compression has time to pass from 
the air to the cylinder walls. Here r = ^, and taking y for air to 
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be 1*404 the temperature immediately after compression, before 
the gas has time to cool, is 

T, = T, (i)^' =r 521 X 2«-*>* = 689 

or 228° Fah. The work spent in compressing the air, namely,. 

cir^-r^). 5318 x 168 ^ohai^ ^ a 

y^ 1 ^ 0.404 = 22110 foot-pounds, 

for each lb. of air in the cylinder. The internal energy of the 
gas becomes increased by this amount ; but if the cylinder be a 
conductor of heat the whole of this will in time become dissipated 
by conduction to surrounding bodies and the internal energy will 
gradually return to it» original value, as the temperature of the 
gas sinks to 60° Fah. 

During compression the pressure rises (following the law 
PFy = constant), and just at the end its value is greater than at 
the beginning in the ratio r^f to 1, that is 2**^ or 2*65 to 1, If 
as before we suppose the temperature to sink slowly by conduction 
to 60° Fah. while the volume does not change, the pressure will 
fall with the temperature, until it reaches a value only twice that 
which it had before the air was compressed 

40. Isothermal expansion. Another very important mode 
of expansion or compression is that called isothermal, in which the 
temperature of the working substance is kept constant during the 
process. 

In the case of a gas the curve of isothermal expansion is a 
rectangular hyperbola, having the equation 

PF= constant = CT (12). 

This is a particular case of the general formula PV^ = constant 
But equation (6) or (7) above will not serve to find the work done, 
for when n = 1 both the numerator and the denominator in these 
expressions vanish. To find the work done in the isothermal ex- 
pansion of a gas we have 

TT- r PdV 
J r, 

and P - A^' 



from which W =^ PiVj ' 



v: 
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iDtegrating, 



or 



F = p,r, (log. r.- log. F,) 

Tr-P.F,Iog.^'=P,F,Iog.r 



(13). 




VofMmn 



Instead of P^Fi we may write PV, since the product of P 
lad F is constaiit through the process, and again, since PV=cr, 

Tr=CTlog.r (14). 

There is no need here to use a suffix with r since the tempera- 
tare does not change. These expressions give either the work 
done by a gas during isothermal expansion or the work spent upon 
it during isothermal compression \ 

Daring ifiothermal expansion or compression a gas suffers no 
change of internal energy (by §34, since r is constant). Hence 
during isothermal expansion the gas must 
take in an amount of heat just equal to 
the work it does, and during isothermal 
eompreasion it must reject an amount 
of heat just equal to the work spent 
upon it. The expression crlog«r con- 
aeqaently measures, not only the work 
dene by or upon the gas, but also the 
heat taken in during isothermal expan- 
aon or given out during isothermal 

eompreasion. In the diagram, fig. 11, the line AB is an example 
of a curve of isothermal expansion for a perfect gas, called for 
brevity an isothermal line, while ilC7 is an adiabatic line starting 
&om the same point A. 

The compression of air or any other gas in a real cylinder is 
apinroximately adiabatic when the process is very quickly per- 
formed, but approximately isothermal when it is performed so 
dowly that the heat has time to be dissipated by conduction while 
the process goes on. 

4L Oamot's Cycle of operations. We shall now consider 
the action of an ideal engine in which the working substance is a 
perfect gas, that is, caused to pass through a cycle of changes each 

^ In otlonlaiionB where this expression i^ ^»«'^Wed it is oonvenient to remember 
%t log;^, the ' hyperbolic,* or * natnralt' \ ' logarithm, of any namber 

096 times the oommon logaritb' r. 

k ' 4-2 
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of which is either isothermal or adiabatic. The cycle to 
described was first examined by Camot, and is spoken of 




Fio. 12. GarnoVs Cycle, with a gas for working rabstanoe. 



Cainot's cycle of operations. Imagine a cylinder and piston 
composed of a perfectly noD-coDducting material, except as regards 
the bottom of the cylinder, which is a conductor. Imagine also a 
hot body or indefinitely capacious source of heat A, kept always al 
a temperature Ti, also a perfectly non-conducting cover B, and a 
cold body or indefinitely capacious receiver of heat C, kept always 
at some temperature r^ which is lower than Tx* It is supposed 
that A, B, or C can be applied at will to the bottom of the 
cylinder. Let the cylinder contain lib. of a perfect gas, ^t 
temperature Tj, volume Fa, and pressure P« to begin with. The 
suffixes refer to the points on the indicator diagram, fig. 12. 

(1) Apply A, and allow the piston to rise slowly through any 
convenient distcunce. The gas expands isothermally at Ti, takiiig 
in heat from the hot source A and doing work. The pressure 
changes to P^ and the volume to F^. 

(2) Remove A and apply JB. Allow the piston to go on 
rising. The gas expands adiabatioally, doing woik at the expense 
of its intornal enexgy, ^ * tempenitaie fidla. Let this go oo 
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until the temperature is r,. The pressure is then P^, and the 
-«■ Tolume 7e. 

(3) Remove B and apply C. Force the piston down slowly. 
The gas is compressed isothermally at r,, since the smallest 
inerease of temperature above r^ causes heat to pass into C. 
Work is spent upon the gas, and heat is rejected to the cold 
iecei?er (7. Let this be continued until a certain point d (fig. 12) 
is reached, such that the fourth operation will complete the cycle. 

(4) Remove C and apply B, Continue the compression, 
vhich is now adiabatic. The pressure and temperature rise, and 
if the point d has been properly chosen, when the pressure is 
restored to its original value P^, the temperature will also have 
risen to its original value r^. [In other words, the third operation 
most be stopped when a point d is reached such that an adiabatic 
fine drawn through d will pass through a.] This completes the cycle. 

To find the proper place at which to stop the third operation, 
we have by equation (11), for the cooling during the adiabatic 
expansion of stage (2), 






and also, tor the heating during the adiabatic compression of 
stage (4), 

flcnce fI = f'' 

V Vh 
ud therefore also ir ^"tF • 

Yd Ya 

That is to say, the ratio of isothermal compression in the third 
stage of the cycle is to be made equal to the ratio of isothermal 
expaiisi0n in the first stage, in order that an adiabatic line through 
d shall complete the cycle. For brevity we shall denote either of 
these last ratios (of isothermal expansion and compression) by r. 

The following are the transfers of heat to and from the 
working gas, in the four successive stages of the cycle: — 

(1) Heat taken in from A^cti log, r (by § 40). 

(2) No heat taken in or rejected. 

(3) Heat rejected to O « cr, log« r (by § 40). 

(4) No heat taken in or rejected. 
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Hence, the net amount of external work done by tlii 
being the excess of the heat taken in above the beat rejected i 
a complete cycle, is 

c(T,-T,)]og.r; 

this is the area enclosed by the four carves in Fig. 12. 

42. Efficiency in Camot'i Cycle. The efficienci/ oif 

process, namely, the fraction 

Heat converted into work 



oRES 



Heat taken in 
c (t, - T,) log, r _T,- 



..(15). 



This is the fraction of the whole heat given to it which an 
engine following Camot's cycle converts into work. The engine 
takes in an amount of heat, at the temperature of the source, 
proportional to t, ; it rejects an ainount of heat, at the temperature 
of the receiver, proportional to t,. It works within a range of 
temperature extending from t, to r,, by letting down heat from t, 
to T, (§ 25), and in the process it converts into Work a fraction of 
that heat, which fraction will be greater the lower the tempera- 
ture T, at which heat is rejected is below the temperature t, at 
which heat ia received. 

43. Camot'f Cycle reverted. Next consider what will 
happen if we reverse Camot's cycle, that is to say, if we force 
this imaginary engine to act so that the same indicaVir diagram as 
before is traced out, but in the direction opposite to that followed 
in §41, Starting as before from the point a (fig. 12) and with 
the gaa at t„ we shall require the following four operations; — 

(!) Apply B and allow the piston to rise. The gas expands 
adiabatically, the curve traced is ad, and whoa d is reached the 
temperature has fallen to t^ 

(2) Remove B and apply C. Allow the piston to go coi 
rising. The gas expands isothermally at t„ taking heat from G 
and the curve dc is traced. 

(3) Remove C and apply B. Compress the gas. The process 
is adiabatic. The curve traced is cb, and when b is reached tha 
temperature has risen to t,. 
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(4) Remove B and apply A. Continue the compression, 
vhich is now isothermal, at Tj. Heat is now rejected to A, and 
the cycle is completed by the curve ba. 

In tins process the engine is not doing work ; on the contrary, 
a quantity of work is spent upon it equal to the area of the 
diagram, or c (ti — t,) log, r, and this work is converted into heat. 
Heat is taken in firom C in the first operation, to the amount 
er,log,r. Heat is rejected to il in the fourth operation, to the 
amount crilog«r. In the first and third operations there is no 
transfer of heat. 

The action is now in every resp^t the reverse of what it was 
before. The same work is now spent upon the engine as was 
faraierly done by it. The same amount of heat is now given to 
the hot body A as was formerly taken from it. The same afnount 
of heat is now taken from the cold body C as was formerly given 
to it, as will be seen by the following scheme : — 

Camot's Cycle, Direct 

Work done by the gas = c(Tj — T9)log,r; 
Heat taken firom A^ctx log,r ; 
Heat rejected to C^ct^ log«r. 

Camofe Cycle, Reversed, 

Work spent upon the gas = c (t^ — t,) log.r ; 
Heat rejected to -4 = cr^ log,r ; 
Heat taken firom C=CT9log,n 

The reversal of the work has been accompanied by an exact 
leversal of each of the transfers of heat. 

44. Xaf^enible engine. An engine in which this is possible 
is called, firom the thermodjmamic point of view, a reversible 
eDgine. In other words, a reversible heat-engine is one which, if 
forced to trace out its indicator diagram reversed in direction, so 
that the work which would be done by the engine, when running 
direct, is actually spent upon it, will reject to the source of heat 
the same quantity of heat as, when running direct, it would take 
from the source, and will take from the receiver of heat the sar 
quantify as, when running direct, it would reject to the ref 
By " the source of heat " is meant the hot body which i 
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source when the engine is running direct, and by " the receiver " 
is meant tbe cold body which then acta as receiver. An engine 
performing Carnot's cycle of operations is one example of a re- 
versible engine. The idea of thermodynamic reversibility in the 
sense here defined is of the greatest interest, for the reason that 
no heat-engine can be more efficient than a reversible engine 
when both work between the same bmits of temperature; that 
is to say, when both engines take in heat at the same tem- 
perature and also reject heat at the same temperature. This 
theorem, due to Gamut, is of fundamental importance in tbe 
theory of heat-engines. It is deduced as follows from the laws 
of thermodynamics. 

46. Comot'i Principle. To prove that no other beat- 
engine can bo more efficient than a reversible engine when both 
work between the same limits of temperature, imagine two 
engines R and S of which R is reversible, and let them work by 
taking in heat from a hot body A and by rejecting heat to a cold 
body C. Let Q^ be the quantity of heat which the reversible 
engine R takes in from A for each unit of work which it doea 
and let Qc be the qnantity which it rejects to C. 

Now consider what consequences would follow if it were 
possible for S to he more efficient than R, It would take in less 
heat from A and reject correspondingly less heat to C, in doing 
each unit of work. Denote the heat which it would take in from 
■^ by Qj — 5 and the heat which it would reject to C by Qc~ g. 

Suppose that S working direct (that is to say, converting heat 
into work) be set to drive 7i as a reversed engine, so that R- 
converts work into heat. For every unit of work done by the 
engine S on the reversible engine R the quantity Qa—^ would 
be taken from A by the engine S, and the quantity Q^ would 
be restored to A by the reversed action of the engine R. This 
is because R being reversible restores to A when working reversed 
the same amount of heat as it would take from A when working 
direct. Hence the hot body would on the whole gain heat, by the 
amount q for every unit of work done by the one engine on the 
other. Again, S gives to Ca quantity Qp-j while R takes from 
C a quantity Qq and hence the cold body C would lose an amount 
of heat equal to q for every unit of work done by the one engine 
01 the other. Thus the combined action of the two engines — one 
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vcffkiDg direct, as a true heat-engine, and the other reversed, 
that we might call a heat-pump — would result in a tran^rer 
beat from the cold body G to the hot body A, nud this procestfj 
raight evidently go on without limit. Moreover the two engineti 
UkeD together form a purely self-acting system, for the whole 
pnwer generated in one is spent on the other and is suSieient to 
drire the other ; if we assume that there is do mechanical friction 
ihe double maohiue requires no help from without. Hence the 
nippoaition that the engine >S could be more efficient than the 
STersible engine R has led to a result inconsistent with the 
leeoad law of therraodynaniics for it has led us to construct, ia 
intRgiaation, a self-acting machine capable trf transferring heat, in 
«y (guantity, from a cold body to a hot body. The second law 
aaserts that this is contrary to all experience, and we are there- 
fore forced to the conclusion that no other engine iS can be more 
efficient than a reversible engine H when both work between the 
ame limits of temperature. In other words, when the souros 
u>d receiver of heat are given a reversible heat-engine is as 
efficient as any engine working between them can be. 

Further, let both engines be reversible. Then the same 
iT][;;Dment shows that neither can be more efficient than the other. 
Beuce all reversible heat-engines taking in and rejecting heat at 
the fame two temperatures are equally efficient. . 

46. Revertlbillty the criterion of perfection in a heat- 

Mgliw. These results imply that reversibility, in the thermo- 
djnamic sense, is the criterion of what may be called perfection in 
t beafc-et^ne. A reversible engine is perfect in the sense that it 
cunot be improved on as regards efficiency : no other engine, 
tildag in and rejecting heat at the same temperatures, will 
conrert into work a greater fraction of the heat which it takes in. 
Uoieorer. if this criterion be satisfied, it is as regards efficiency a 
matter of complete indifference what is the nature of the working • 
nbsbuiiGe, or what, in other respects, ia the mode of the engine's 
•Cb'oD. 

47. Sfflclency of a perfect heat-engine. Further, since J 
■U eugince that are reversible are equally efficient, provided they^B 

between the same temperatures, an expression for th|^ 
f of one will apply equally to all. Now, the engine wh< 
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fiiciency was found in § 42. namely, an engine having a gas for 
rorking substance and performing Carnot'a Cycle of operations, 

is one example of a reversible engine. Hence the expression 

which was obtiuned for its efficiency, namely. 



is the efficiency of any reversible heat-engine whatsoever taking 
in heat at t, and rejecting heat at t,. And, as no engine can be" 
more efficient than one that la reversible, this expression ia the 
measure of perfect efficiency. We have thus aiTived at the 
immensely important conclusion that no heat-engine can convert 
into work a greater fraction of the heat which it receives than ia 
expressed by the excess of the temperature of reception above that 
of rejection divided by the absolute temperature of reception. 

48. Summary of the argument Briefly recapitulated, the 
steps of the argument by which this result has been reached are 
us follows. After stating the experimental laws to which gases 
conform and finding that they afforded a provisional means of 
defining temperature upon an absolute scale we examined the 
action of a heat-engine in which the working substance took in 
heat when at the temperature of the source and rejected heat 
when at the temperature of the receiver, the change of tempera- 
ture from one to the other of these limits being accomplished by 
adiabatic expansion and adiabatic compression. Taking a special 
case in which the engine had for its working substance a perfect 
gas, we found that its efficiency was (t, — t,)/t, (§ 42). We also 
observed that it was, in the thermodynamic sense, a reversible 
engine (§ 4i). Tljen we found, by au application of the second 
law of thermodynamics, that no heat-engine can have a higher 
efficiency than a reversible engine, when taking in and giving out 
heat at the same two temperatures t, and t,; this was shown by 
the fact that a contrary assumption would lead to a violation of 
the second law (§ 45). Hence, we concluded that all reversible 
heat-engines receiving and rejecting heat at the same tempera- 
tures, Tj and T, respectively, are equally efficient, and hence that 
the efficiency 



already determined for one particular reversible engine, is the 



SLEMENTART THEORY OF HEAT-ENOINES. 59 

efficiency of any reversible engine, and is a limit of efficiency 
which no engine whatever can exceed. 

Another way of stating the performance of a perfect engine 
evidently is to say that the heat taken in Qi is to the heat rejected 
Q^ as Ti is to r,, or 

^ = ^ (16). 

48l CondtHoiUi of nuudmum efflcienoy. The availability 
of heat for transformation into work depends essentially on the 
iiDge of temperature through which the heat is let down from 
that of the hot source to that of the cold body into which heat is 
rejected; it is only in virtue of a difference of temperature 
between bodies that conversion of any part of their heat into 
work becomes possible. No mechanical effect could be produced 
from heat, however great the amount of heat obtainable, if all 
bodies were at a dead level of temperature. Again, it is im- 
poanble to convert the whole of any supply of heat into work 
because it is impossible to reach the absolute zero of temperature 
it the lower end of the temperature range. 

If Tt and Tt are given as the highest and lowest temperatures 
of the range through which a heat-engiue is to work, it is clear 
that the maximum of efficiency can be reached only when the 
engine takes in all its heat at r^ and rejects at r, all that is 
rejected. With respect to every portion of heat takea in and 
rejected the greatest ideal efficiency is 

Temperatnre of reception — temperature of rejection 

Temperature of reception 

Any heat taken in at a temperature below r^ or rejected at a 
temperature above r, will have less availability for conversion into 
work than if it had been taken in at ti and rejected at t,, and 
henoep with a given pair of limiting temperatures, it is essential to 
maximum eflSciency that no heat be taken in by the engine except 
at the top of the range, and no heat rejected except at the bottom 
of the nnge. Further, as we have seen in § 45, when the tempe- 
Tatnxes at which heat is received and rejected are assigned, an 
engine attains the maximum of efficiency if it be reversible, 

BQl Oonditloiis of rereraibilitj. It is therefore important 
to inqoire more particularly what kinds of action are reversible in* 
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the thermodyDHmic Bense, A little consideration will show that ■ 
transfer of heat from the source to the working substance, or from- 
the working substance to the receiver, is reversible only when the 
working substance is at sensibly the same temperature as the 
source or the receiver, as the case may be, and an expansion ia 
reversible only when it occurs by the gradual displacement of 
some part of the containing envelope in such a manner that tho 
expanding fluid does external work on the envelope, and does not 
waste energy to any sensible extent in setting itself in motion. 
This excludes what may be termed free expansion, such as that of 
the gas in Joule's experiment, § 34, and it excludes also what may 
be called imperfectly-resisted expansion, such as would occur if 
the fluid were allowed to expand into a chamber in which the 
pressure waa less than that of the fluid, or if the fluid were 
expanding in a cylinder under a piston which rose so fast as to 
cause, through the inertia of the expanding fluid, local variations 
of pressure throughout the cylinder. A similar condition of course 
applies in regard to the compression of the working fluid : neither 
expansion nor compression must take place in such a manner 
to set up eddies within the fluid. 

To make a heat-engine, working within given limits of tem^6^ 
rature, as efficient as possible the conditions to aim at therefore 
are — (1) to take in no heat except at the highest temperature, 
and to reject no heat except at the lowest temperature, (2) to 
secure that the working substance shall, when receiving heat, be 
at the temperature of the body from which the heat comes, and 
that it shall, when giving up heat, be at the temperature of the 
body to which heat is given up; (3) to avoid free or imperfectly. 
resisted expansion. If these conditions are fulfilled the engine is 
a reversible heat-engine and the most efficient possible within the 
given range of temperatures. 

The first and second of these conditions are satisfied if in the 
action of the engine the working substance changes its tempera- 
ture from T, to T, by adiabatic expansion, and from t, to t, by 
adiabatic compression, thereby being enabled to take in and reject 
heat at the ends of the range vrfthout taking in or rejecting any 
by the way. This is the action in Carnot's ideal engine (| 41). 

61. Perfect Engine usln^ Hegenerator. But there is 
Djiother way iu which the action of a heat-engine may be ma< 
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Ee. Suppose that the working substance can be caused to 
heat iu some body within the engine while passing from 
T, to T|, in such a nifinner that the transfer of heat from the' 
nWtaoce to this body ia reversible (satiefying the second con- 
ditiuD above), then when we wish the working substance to pass 
ftorn T, to T, we may reverse this transfer and so recover the 
ImI that was deposited in this body. This alternate storing and 
KSboring of beat would serve, instead of adiabatic expansion and 
tmapreGBioa, to make the temperature of the working substance 
(H> from T, to T, and from t, to Tj respectively. The alternate 
Oojiag and restoring is an action occurring wholly within the 
engine, and is therefore distinct from the taking in and rejecting 
bfheat by the engine. 

In IH27 Robert Stirling designed an apparatus, called a re- 
ftneraior, by which this process of altoniate storing and restoring 
of beat could be actually performed. For the present purpose it 
will safficc to describe Ihe regenerator oa a passage through which 
tlie working Suid can travel in either direction, whose walls have 
I very large capacity for beat, so that the amount alternately 
given to or taken from them by the working fluid causes no more 
than an insensible rise or fall in their temperatura The tempe- 
ntura of the walls at one end of the pass^e is r,, and this falls 
BiDtinDously down to t, at the other end. When the working 
fluid at temperature t, enters the hot end and passes through, it 

8 out at the cold end at temperature t,, having stored in the 
wlla of the regenerator a quantity of heat which it will pick up 

1 when passing through in the opposite direction. During the 
ntum jtnimey of the working fluid through the regenerator from 
tbe cold to the hot end its temperature rises from t, to Ti by 
fieking up tbe heat which was deposited when the working fluid 
|twed through from the hot end to the cold. The process ia 
■rictly reversible, or rather would be so if the regenerator had an 
mlimited capacity for heat, if no conduction of heat took place 
ilong its walls fr^m tbe hot to the cold end, and if no loss took 
flaoe by conduction or radiation from its external surface. Such 
iRgenetator is of course an ideal impossible to realise in practice. 

B2. Stirling's IUgeneratiT« Air-Bnglna. Using air i 
liie working substance, and employing his regenerator, Stirtinj 
nude an engine (to be described later) which, allowing : 






Sd 



SLEMENTART THEORY OF HEAT-ENQINE& 



{MTiftc^ml imperfections, is the earliest example of a reversible 
tttkgitte. The cycle of operations in Stirling's engine was sub- 
f^te^fttiallv this: 

(1) Air (which had been heated to ti by passing through the 
regenerator) was allowed to expand isothermally through a ratio r, 
taking in heat .from a furnace and raising a piston. Heat taken 
in (per lb. of air) = ct^ log, r. 

(2) The air was caused to pass through the ^generator from 
the hot to the cold end, depositing heat and having its tempera- 
ture lowered to r,, without change of volume. Heat stored in 
regenerator = K^ (t^ — t,). The pressure ot course fell in propor- 
tion to the fall in temperature. 

(8) The air was then compressed isothermally to its original 
volume at t, in contact with a refrigerator (or receiver of heat). 
Heat rejected = cr^ log, r. 

(4) The air was again passed through the regenerator from 
the cold to the hot end, taking up heat 
and having its temperature raised to 
Tj. Heat restored by the regenerator 
= Kf, (ti - T,). This completed the cycle. 

The efficiency is 

CT, log, r - CT, log, r ^ Ti - Ta 
CTi log. r Ti 

The indicator diagram of this action 
is shown in fig. 13. Stirling's engine i& 
important, not as a present-day heat- 
engine (though it has recently been re- 
vived in small forms after a long interval 
of disuse), but because it is typical of the 
only mode, other than Camot's plan of 
adiabatic expansion and compression, by 
which the action of a heat-engine can be made reversible. 

The regenerative principle has been largely used in metallurgy 
and other industrial processes : the Siemens steel-furnace is an 
example of its application on a large scale. Notwithstanding the 
immensely valuable services which the regenerator has rendered 
in such processes, its application to heat-engines has hitherto been 




Fio. 18. Ideal Indicator dia- 
gram of Air-Engine with 
Begenerator (Stirling). 
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I leiy limited. Another way of using it in air-engines was tried 
I by Ericason, who kept the pressure instead of the volume constant 
r while the working air was passed through the regenerator, thus 
getting an indicator diagram consisting of two isothermal lines 
and two lines of equal pressure. Attempts have also been made 
bj Siemens and by Fleemiug Jenkin to apply it to steam-engines 
and to gas-engines. It has also found application in some refrige- 
rating machines, or reversed heat-engines, to which reference will 
be made in a later chapter. But almost all actual heat-engines, 
in so fiu* as they can be said to approach the condition of reversi- 
bility, do so, not by the use of the regenerative principle, but by , 
more or less nearly adiabatic expansion and compression after the 
manner of Camot's ideal engine. 



CHAPTER III. 

PROPEBTIES OF STEAM AND ELEMENTARY THEORY Oi* 

THE STEAM-ENGINE. 

63. Fonnation of tteam under oonitant prewure. We 

have DOW to consider the action of heat-engines in which the 
working substance is water and water-vapour or steam, and as a 
preliminary to this it is necessary to give some account of the 
physical properties of steam as determined by experiment. The 
prierties ofsteam are most conveniently stated by referring in 
the first instance to what happens when steam is formed under 
constant pressure. This is substantially the process which occurs 
in the boiler of a steam-engine when the engine is at work. To 
fix the ideas we may suppose that the vessel in which steam is to 
be formed is a long upright cylinder fitted with a firictionless 
piston which may be loaded so that it exerts a constant pressure 
on the fluid below. Let there be, to begin with, at the foot of the 
cylinder a quantity of water (which for convenience of numerical 
statement we shall take as 1 lb.), at any temperature ^; and let 
the piston press on the surface of the water with a force of P lbs. 
per square foot. Let heat now be applied to the bottom of the 
cylinder. As it enters the water it will produce the following 
effects in three stages : — 

(1) The temperature of the water rises until a certain tempe- 
rature t is reached, at which steam be^ns to be formed. Th^ 
value of t depends on the particular pressure P which the pistoJ 
exerta Until the temperature t is reached there is nothii^ bix 
water below the piston. 
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(S) Steam is formed, more heat being taken in. The piston 
(which is supposed to exert a constant pressure) rises. No further 
increase of temperature occurs during this stage, which continues 
until all the water is converted into steam. During this stage the 
£team which is formed is said to be saturated. The volume which 
the piston encloses at the end of this stage, — the volume, namely, 
of 1 lb. of saturated steam at pressure P (and temperature t\ — 
will be denoted by V in cubic feet 

(3) If after all the water is converted into steam more heat 
be allowed to enter, the volume will increase and the temperature 
will rise. The steam is then said to be superheated, 

54. Batimted and superheated steam. The difference 
between saturated and superheated steam may be expressed by 
saying that if water (at the temperature of the steam) be mixed 
with steam some of the water will be evaporated if the steam is 
superheated, but none <|f the steam is saturated. Any vapour in 
contact with its liquid and in thermal equilibrium is necessarily 
wturated. When saturated its properties differ considerably, as a 
role, from those of a perfect gas, but when superheated they 
approach those of a perfect gas more and more closely the &rther 
the process of superheating is carried, that is to say, the more the 
temperature is raised above t, the temperature of saturation 
oonesponding to the given pressure P. Saturated steam at a 
given pressure can have but one temperature ; superheated steam 
at the same pressure can have any temperature higher than that. 

56. Helatlon of pressure and temperature in saturated 
■team. The temperature t at which steam is formed depends on 
the value of P. The relation of pressure to temperature was 
deteraiined with great care by Begnault, in a series of classical 
experiments on which our knowledge of the properties of steam 
dikfly depends^ The pressure of saturated steam rises with the 
temperBture at a rate which increases rapidly in the upper regions 
of the Bcala This will be apparent from the first and second 
oolomns of Table L, given on p. G7, which is compiled from 
Baokine's reduction of Regnault's results. The first column gives 

^ Mem, LuL Framee^ 1A47, voL zzi. An account of Regnaalt*8 methods of 
i^Binieiit and a stetement of his results Gxpressed in British measures will be 
kund in Disoa'a TrtatiMC m Heat (Dublin, 1849). 

L 5 
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the temperature on the Fabr. acale ; the second gives the corre- 
Bpondisg pressure in pounds per square inch. Kankine has also 
expressed the relation of temperature and pressure in Baturated 
Bteam by the following formula (which is applicable with other 

constants to other vapoui's'): — 

1 «i/i<»-7 2732 396945 ... 

logj) = 61007 — — (1), 

where p is the presaiire in pounds per square inch, and r ia the 
absolute temperature in Fahr. degrees. For most purposes, how- 
ever, it is more convenient to find the pressure corresponding to a 
given temperature, or the temperature corresponding to a given 
pressure, froni the table, either by interpolation or by drawing a 
porticm of the curve connecting P with (. A more extended table 
will be found in the Appendix, where the temperature of saturated 
steam, to the nearest half degree, is given for various pressures. 

66. Relation of presBure and volume in saturated steam. 
Table I. also shows the volume V, in cubic feet, occupied by 1 lb. 
of saturated steam at each pressure, and a more extensive series of 
values are given in the table in the Appendix. The volume of s 
pound of saturated steam at any assigned pressure is a quantity 
difficult to measure by direct experiment. It may, howevea*, 
be calculated, from a knowledge of other properties of steam, 
by a process which will be described in the next chapter 
(§ 74). The values of V given in the table were determined by 
means of this process ; they agree fairly well with such direct 
observations of the density of steam as have hitherto been made*. 
The relation of P to V" may be approximately expressed by the 
formula* 

PJ^= constant (2), 

» PhU. Mag. Dae 1854, oc Manual af the Steam-Kngint, p. 287. 

■ Tbe vslaeg of V giren in the tabia are toaai from those giTen hy Banldiia 
in hia^treatise on tbe Ste&m-Engine. He employed the method of cnlculating V 
alluded to in the text, but tbe uumbtirs which he gave require alteration in oon- 
aequoDCe of the foci that J, the mechanical equivalent of heat, enters into Uia 
fbrmola (eee % 75); tbe caloulatod values of V are in fact neorl; proportional to J, 
In Itaiikine'B caloulalion J nas taken as 772 : aioce the number T7S has been adopted 
here the values of V given in the table are inareased nearly in the ratio of 
778 to 773. 

* Thia is Bankine's formola where the index is eipreeeed in a form convenient 
for logarithmic calculation. Zeuner conHiderB that the cntre of P and V tat 
tatuiatcd steam ia better expressed b; using a slightly difforcut indci, and ^vea tbe 
equation fP"" = constant. (TtchnUehe ThcTmodynamik, Vol. ii. p. 3C,) 
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Tablx I. — Proptrtia of Saturated Steam. 
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TemMnftore 


Prenare. 


Volume 
of 1 lb. 


Heat of Fonnation. 


Male. 


u. 


K 


DcgrcOT- 


Lb. par sq. in. 


Cub. Ft. 


Thermal Units. 


Thermal Units. 


82 


0-085 


3416 


1091-8 





41 


0122 


2425 


1094-5 


9-0 


50 


0173 


1745 


1097-3 


18-0 


59 


0-241 


1274 


1100-0 


27-0 


68 


0-333 


942 


1102-8 


36 


77 


0-452 


705 


1105-5 


45-0 


86 


0-607 


533 


1108-2 


54-0 


95 


0-806 


408 


11110 


63-0 


104 


1-06 


315 


1113-7 


72-0 


113 


1-38 


245 


1116-5 


81-0 


122 


1-78 


193-6 


1119-2 


90-1 


131 


2-27 


153-6 


1121-9 


99-1 


140 


2-88 


123-0 


1124-7 


108-1 


149 


3-62 


99-2 


1127-4 


117-1 


158 


4-51 


80-6 


1130-2 


126-2 


167 


5-58 


66-1 


1132-9 


135-2 


176 


6-86 


54-34 


1135-6 


144-3 


185 


8-38 


45-05 


1138-4 


153-3 


194 


10-16 


37-55 


1141-1 


162-4 


203 


12-26 


31-50 


1143-9 


171-4 


212 


14-70 


26-56 


1146-6 


180-5 


221 


17-53 


22-51 


1149-3 


189-6 


230 


20-80 


19-18 


115-2-1 


198-7 


239 


24-54 


16-40 


1154-8 


207-8 


248 


28-83 


14-11 


1157-6 


216-9 


257 


33-71 


1218 


1160-3 


2260 


266 


39-25 


10-56 


11631 


235-2 


275 
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290-3 
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299-5 


338 
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308-7 
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3-437 


1187-7 
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356 


145-8 
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1190-4 


3-27-3 


365 


163-3 


2-770 


1193-2 


336-6 


374 


182-4 


2-495 


1195-9 


345-9 


383 


203-3 


2-253 


1198-6 


352-2 


392 


225-9 


2-041 


1201-4 


364-5 


401. 


250-3 


1-852 


1204-1 


373-9 


410 


276-9 


1-685 


1200-9 


383-2 


419 


305-5 


1-537 


1209-6 


392-6 


428 


336-3 


1-404 


1212-4 


4020 
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the value of the constant (if J be taken aa 778) being about 

C900O when P is stated in lbs. per eq. foot and V in cub, feet per lb. 

The student will find it useful to draw curves, with the data 

J table, showing the relation between the pressure and the 

mperature of saturated steam and also the relation of pressure to 



•Tolume f or to the density, which is -j^) , especially within the range 

tisual in steam-engine practice. He will obKcrve that -57 , the rate 

of change of pressure with respect to change of temperature in- 
creases rapidly as the temperature rises, and hence that in the 
upper part of the range a very small eievation of temperature in 
a boiler is necessarily associated with a large increment of pressure. 
The familiar case of water boiling in a kettle or other open vessel is 
only a special case of the formation of steam under constant pressure. 
There the constant pressure is that of the atmosphere, which is 14"7 
lbs, per square inch or thereabouts (aa indicated by the barometer) 
and consequently the temperature at which the water boila is 
about 212" F. 

57. Supply of heat in the formation of iteam under 
constant pressure. We have next to consider the supply of 
heat in the iuiagiuary experiment of § 53 in which 1 lb. of water 
initially at some temperature U is first heated to the boiling point 
and then converted into steam, under a constant pressure P, this 
constant pressure determining what the temperature of the boiling 
point shall be, During the first stage, while the temperature is 
rising from its initial value U to ', no slcam is formed, and heat is 
required only to warm the water. Since the specific heat of water 
ia nearly constant, the amount of heat taken in during the first 
stage is approximately ( — f» thermal units or t/ (( — ^) foot-pounds, 
and this expression will generally serve with sufficient accuracy 
in practical calculations. More exactly, however, the heat takoi 
in is in general somewhat greater than this, for Begnault'a 
experiments show that the specific heat of water increases 
slightly at high temperatures. In stating the amount of heat 
required for this first stage, % must be taken as a known 
temperature ; for convenience in numerical statement the tem- 
perature 32" F. is usually chosen as an arbitrary starting-point 
&om which the reception of heat is to be reckoned. We shsU,' 
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employ the symbol A to designate the heat required to raise 1 lb. I 
of water &<om 32' F. to the temperature t at which steam beginsl 
to form. The value of A in theiraal units is given, flpproximately^-l 
by the fonnula 

A = (-32 (3). 

More exact values, which take account of the vatiation in the 
speci&c heat of water as determined experimentally by Regnault 
will be f>nmd in the last column of Table I. During this first 
stage, while all the substance still is water, sensibly all the heat 
that ia supplied goes to increase the stock of internal energy 
which the fluid possesses, for the amount of external work done 
thioogfa the expansion of the water is negligibly smalL 

fi& Jbatent Heat of Steam. During the second stage 
water at temperature t is changing into steam at temperature t 
Much heat is required to produce this change in physical state, 
although the temperature of the substance does not alter. The 
heat taken in during this process is called the latent heat of 
steam: in other words, the latent heat of steam is defined as the 
amount of heat which is absorbed by 1 lb. of water while it 
changes into 1 lb. of steam under constant pressure, the water 
having been previously heated up to the temperature at which 
steam is formed. We shall denote the latent heat by L. The 
\-alue of L depends on the particular pressure at which the change 
takes place, Kegnault's experiments showing that the latent 
beat of steam is less at high pressures than at low pressures. A 
formula for L derived from the results of Regnault's experiments 
is given in the next paragraph. 

Part of the heat taken in during this second stage ia spent in 
d(ung external work, since the piston ri.ses against the constant 
pressure of P lbs. per square foot. It is only the remainder of 
the so-called latent beat L that goes to increase the internal 
energy of the fluid. The amount spent in doing external work ia 
cqoal to P multiplied by the change of volume which takes place 
aa the water is converted into steam. 

The volume of 1 lb. of water, at such temperatures as ara I 
usual in steam-engines, is nearly 0017 cubic foet. We shall use 
a> to denote this volume. The external work done during the 
production of 1 lb. of steam under constant pressure P is therefore 
External work = P(r-(B) (i). 
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This is the measure of the external work in foot-ponnds. It 
may of course be expressed in thermal units by dividing by .f. 
The external vork dune in the formation of stoam is less at low 
pressures than at high pressures, and forms a smaller part of tho 
latent heat. Taking the data contained in the table it will bo 
found that when the temperature of formation is 32° Fah. the 
external work is 54 thermal units, or barely one-twentieth of Lz 
when the temperature is 212° Fah. tho externa! work is 72 
thermal units, and at the upper limit of the table it is 80 
thermal units, 

69. Total heat of iteam. Adding together the heat taken 
in during the first and second stages of the imaginary experiment 
we have a quantity de^igQatcd by H and called the total heat of 
saturated steam : — 

H^h + L (5). 

In other words, the total heat of steam ia the amount of heat 
required to raise 1 lb. of water from the standard temperature 
(32° F.) to the temperature of evaporation and evaporate it there 
under constant pressure, Regnault'a values of H are given in the 
fourth column of Table I. They are very accurately expressed 
(in thermal units) by the formula 

B= 1091-7 + 0-305 (t - 32°) 

= 10S2 + 0-305( (6). 

A similar formula gives approximate values of L, exact enough 
for use in practical calculations : — 

Z = llU-0-7( (7). 

It is, however, generally more convenient to find L from the 
table, which is readily done, since 

L = H-h. 
It follows from these definitioos that the whole heat taken 
[ the formation of 1 lb. of steam, when formed under 
'Ore from water at any temperature U, is H—h^, 
mds to fg. 

terical example, suppose that steam is formed ia 
iluto pn?saure of 115 pounds per square inch, the 
upplied at 100° F. Here K is 100-32 or 68 
'tho table the temperature of the eteam t ia 
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338' Rand iT is 1185. The same value o( H is ottainc-il by uaiDg 
the formula 

F=1082 + 0-305x338. I 

Hence the heat taken ap by each pound of water in the boiler in I 
first being heated to the boiler temperature and then converted 
mtoatbam is 

1185-68 or 1117 thermal units. 
It is scarcely necessary to add that when steam is condensed 
ncder constant pressure an amount of heat equal to £ is given out 
during the change of state from steam to water. Kegnault's 
experiments on the latent heat of steam were in fact made by 
oteerving the heat given out when steam &om a boiler was led to 
a calorimeter and was there condensed. 

60. Internal energy of steam. Of the whole latent beat 
of steam L, the part P (V -ot) ia, as has been said above, spent 
in doing external work. The remainder, namely (in foot-pounds) 

JL-PiV-ea), 
is tlie increase of internal energy which the substance undergoes 
during conversion from water at ( into steam at (, This quantity, 
Ua which it is sometimes convenient to have a separate sjTnbol, 
will be noted by p in thermal units, or Jp in foot-pounds. In 
dealing with the heat required to produce steam we adopted the 
state of water at 32° F. as an arbitrary starting-point from which 
to reckon the reception of heat. In the same way it is convenient 
to use this arbitrary starting-point in reckoning what may be 
called the internal energy of the substance, which is the excess of 
the beat taken in over the external work done by the substance 
doling its reception of heat. Thus the internal energy / of 1 lb. 
of saturated steam at pressure P is equal to the total heat H, leas 
that part of the total heat which ia spent in doing external work, 
« (in foot-pounds) 

J/=/J?-P(F-«), 

at I=L + h-PiV-io)IJ=h + p (8). 

Hie notion of internal energj' is useful in calculating the heat 
taken in or rejected by steam during any stage of its expansion or 
compression in an engine. When any working substance passes 
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from one condition to another, its gain or loss of heat is determined 
by the equation 

Heat taken in = increase of internal energy + external work. 

Any of the terms of this equation may be negative ; the last term 
is negative when work is done upon the substance instead of 
by it. 

The relation between the quantities mentioned may be 
exhibited graphically thus^: — 

Total heat H 

Heat o^ liquid h Latent neat of 

evaporation L 

Increase of internal energy External 

during evaporation p work of 



evaporation 
Internal energy / P(r-») 

J 

61. Formatioii of steam otherwise tluui under oonstant 
pressure. The same equation gives a means of finding the 
amount of heat required to form steam under any assigned con- 
ditions, in place of the condition assumed at the beginning of this 
chapter, where the formation of steam under constant pressure 
was considered. Whatever be the condition as to pressure under 
which the process of formation is carried on, the total heat required 
is the sum of the internal energy of the steam when form^ and 
the work done by the expanding fluid during the process. Thus 
in general 

Heat of formation = / + j/PdF (9), 

in thermal units, the limits of integration being the final volume of 
the steam and the original volume of the water. When saturated 
steam is formed in a closed vessel of constant volume no external 
work is done ; the heat of formation is then equal to the internal 
energy /, and is less than the total heat of formation {K) of steam 
when formed at a constant pressure equal to the pressure finally 
reached in the vessel, by the quantity P (F— 001 7). 

62. Wet steam. In calculations which relate to the action 
of steam in engines we have generally to deal, not with dry 

^ The author is indebted for this suggestion to Prof. Nioolson. 
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saturated steam, but with ivet steam, or steam which either carries 
in suspension, or is otherwise mixed with, a greater or less 
proportion of water. In every such mixture the steam and water 
have the same temperature, and the steam is saturated. The 
dryness of wet steam is measured by the proportion q of dry 
steam in each pound of the mixed substance. When the dryness 
is known it is easy to determine the other physical constants: 
thus^ 

Latent heat of 1 lb. of wet steam = qL ; 

Total heat of 1 lb. of wet steam = A + gZ ; 

Volume of 1 lb. of wet steam = qV-h (1 - q) 0'017 

^qV very nearly, 

unless the steam is so wet as to consist mainly of water ; 

Internal energy of 1 lb. of wet steam = h + qp. 

63. Superheated iteam. Steam is superheated when its 
temperature is raised, in any manner, above the temperature which 
corresponds to saturation at the actual pressure. When very highly 
superheated, steam behaves like a perfect gas, and (to use Bankine*s 
term) may be called steam gas. It then follows the equation 

PF=85-5t, 

aud the specific heat at constant pressure, Kp, is about 0*48 
thermal unit or 373 foot-pounds. At very low temperatures steam 
approximates closely to the condition of a perfect gas when 
slightly superheated, and even when saturated ; at high tempera- 
tures a much greater amount of superheating is necessary to bring 
about an approach to the perfectly gaseous state. Rankine has 
shown that the total heat required for the production of super- 
heated steam under any pressure, when the superheating is so 
great as to bring the steam to the state of steam gas, may be 
leckcmed by taking the total heat of saturated steam at a low 
temperature and adding to it the product of Kp into the excess 
of temperature above that. Treating saturated steam at 32"" F. as 
a gas, he gives the formula 

jH" = if at 32^ + 0-48 (If - 32) 
= 1092 + 0-48 (t' - 32) 

to express the heat of formation of superheated steam, at any 
temperatoie f which is so much above the temperature of 
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saturation correspontiing to the actual pressure that the 
may be treated as a perfect gas. The theoretical basis of this 
formula will be considered in the next chapter (§ 90). It is not 
applicable to small amounts of superheating or even to consider- 
able amounts, at such pressures as are usual in steam-engines. A 
common, but erroneous, practice is to treat the specific heat of 
steam during superheating under constant pressure as constant 
(and equal to 0'48), and hence to reckon the total heat by adding j 
to the total heat of the steam when saturated a quantity pro- 
portional to the number of degrees of superheating. The experi- 
mental data on the subject are still far from complete, but there 
are sufficient grounds for saying that the quantity of heat taken 
in per degree during superheating is greater at the initial stage 
of the process than it is when the amount of superheating has 
become considerable. 

Calculated from its chemical composition, the density of steam 
gas should be 0622 times that of air at the same pressure and 
temperature. The value of y or Kp/K„ for steam gas is 1'3. 
These constants dealing as they do with steam which is so highly 
superheated as to be perfectly gaseous, do not apply to high- 
pressure steam that is heated but little above its temperature of 
saturation. The relation of pressure to volume and temperature 
in the region which lies between the saturated and the perfectly 
gaseous state has been experimented on by Him', and formulas 
which are applicable with more or less accuracy to steam in either 
the saturated or superheated condition have been devised by Him, 
Zeuner', Rittcr', aud others. 

64 iBOthermal LlneH for Steam, The expansion of volume 
which occurs during the conversion of water into steam under 
constant pressure — the second stage of the process described in 
§ 53 — is isothermal. From what has been already said it is 
obvious that steam, or any other saturated vapour, can be expanded 
or compressed isothermally only when wet, and that evaporation (in 
the one case) or condensation (in the other) must accompajiy the 
process. Isothermal lines for a working substance which constats 
of a liquid and its vapour are straight lines of uniform pressure. 

1 TMorie Micartique de la ChaUur, Psrt 5, VoL II. 
» ZUchr. d. Vercint dmtichtr Ingeniturt, »ol, iL 

■ Wiei. Ahr,, IBTtf. For a disouBuon of eerciul ol tiieee ronanlnB, see a paper 
by B. Djei, Tratu. Intl. of Engiaeert and ShiphaUdm in Scotland, 1685. 
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GS. Adiabatlc Lines fbr Steam. The Torm of adiabatic lines I 
for substances of the kind just deaeribed depends not only on the I 
particalnr fluid, but also on the proportion of liquid to vapour ia 
the mixtnre. In the case of steam, it has bceu shown by Rankina 
and Ciausiua that if steam initially dry be allowed to expand , 
adiabatically it becomes wet, and if initially wet (unless very wet") 
it becomes wetter. To keep steam dry while it expands, doing 
work, some heat must be supplied during the process of expansion. 
If the expansion is adiabatic, so that no heat reaches the expanding 
fluid, a part of the steam is condensed, forming either minute 
particles of water suspended throughout the mass or a dew upon 
the surface of the containing vessel. The temperature and 
pressore fall ; and, as that part of the substance which remains 
iincoDdensed ia saturated, the relation of pressure to temperature 
throughout the expansion is that which holds for saturated steam. 
The following formula, a proof of which will be given in the next 
chapter (§ 81 below), serves to calculate the extent to which 
condensation lakes place during adiabatic expansion, and so allows 
the relation of pressure to volume to be determined. 

Before expansion, let the initial dryness of the steam be g, and 
its absolute temperature t,. Then, if it expand adiabatically 
until its temperature falls to any value t, its dryness after expan- 
sion is 

'-i('^'+'*^^) <'»)■ 

£i and L are the latent heats (in thermal units) of I lb. of steam 
before and after expansion respectively. When the steam is dry 
to begin with, q^ = 1. 

This formula, which is applicable with proper values of L to 
any vapour, may be called the equation of adiabatic expansion or 
oompreseioQ. It does not directly give the relation of pressure to 
VDlnme, but it allows the dryness at any stage of the process to be 
calculated, and from that (together with the fact that the part 
which remains in the condition of vapour ia saturated) it is easy 

' Wben the mixture contains ft very large proportion of water to begin with, 
miliftbstio eipaDsioQ teuda to dry it by cuDsing some of the water to evaponkte noder 
the reduoed preesure which rttsalte from the eipsDBioD. In the next chapter 
(j^iphic method is deaeribed of inveBligatiiiK the changes of drynees that ara 
prndnocd b; adiabatic expansion, and this mny readily be applied to inTestigate 
whslher the miitnre will become drier or welter in any given case. 
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r In the some way we may go on to find as many points on an 
k adiabatic line as we please, by taking a series of pressures, each 
k Lwer than the initial pressure, and finding q for each and from it 
^ the volume v, which in ordinary cases is practically equal to qV. 
We use v here to designate the volume of 1 lb. of the mixture, V 
being the volume which 1 lb. of saturated steam would occupy at 
the same pressure and temperature. 

The steam may be wet to begin with, and if qi have a value 
mach less than unity it will be found on working out examples 
that q may turn out greater than qi. This means that in very 
wet steam adiabatic expansion may reduce the amount of water as 
\ the net result of two opposing actions : as the temperature falls 
t during expansion part of the steam initially present becomes 
condensed ; on the other hand, part of the water initially present 
becomes evaporated because its initial temperature is higher than 
the temperature which the mixture takes as it expands. With 
Teiy wet steam the result may be on the whole to make the 
mixture become drier. An extreme case occurs when all the 
sabstance is in the state of water to begin with. Then if adia- 
batic expansion be allowed to take place steam is formed, and the 
equation (9) may be applied, by writing ^i = 0, to find how much of 
the water will be evaporated when the pressure, or the temperature, 
has fiillen to any assigned value. 

66L Formula connecting pressure with volume in the 
adiabatic e}q;»ansion of steam. Adiabatic curves for steam, 
whether initially dry or wet, may be calculated in the way that 
has just been explained, and may then be represented by empirical 
equations of the form 

Ptf* ss constant, 

by choosing such values for the index n as will give curves approxi- 
mating closely to the actual adiabatic curves. A formula of this 
kind is especially useful for application to cases where the data 
are the initial pressure and the ratio of expansion r, and it is 
leqoired to find the pressure after expansion. To find P when 
the substance has expanded to r times its initial volume, 

^=5 (11)- 

The index n has a value which depends on q^, the initial degrei 
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of dryness of the steam. According to the calculations of Zcunor' 
n = 1035 + O-lj,, so that for 

}, = 1 0-95 0-9 085 0-8 0-76 O'T 

n=1135 1.130 1-125 1120 I'llS I'llO llOS. 
When it is desired to draw an adiabatic curve for ex}>andiiig 
steam, that value of n must be chosen which refers to the degree 
of dryness at the beginning of the expansion. Konkine gave for 
this index the value Y. which ia too small if the eteam be initially 
dry. It would apply to steam containing about 25 per cent, of 
■water at the beginning of its expansion. We shall see later that 
the expansion of steam in an actual engine is by no means 
adiabatic, on account of the transfer of heat which goes on 
between the working fluid and the metal of the cylinder and 



67. Oamot'i Cycle with steam fbr working rabrtonce. 

We are now in a position to study the action of a heat-engine 
employing water and steam (or any other liquid and its vapour) 
as the working substance. To simplify the first consideration of 
the subject as far as possible, let it be supposed that we have, as 
before, a long cylinder composed of non-conducting material 
except at the base, and fitted with a non-conducting piston ; also 
a source of heat A at some temjierature Ti; a receiver of heat, or 
as we may now call it, a condenser, 0, at some lower temperature 
T, ; and also a non-conducting cover £ (as in § 41). Then Camot's 
cycle of operations can be performed as follows. To fix the ideas, 
euppose that there is 1 lb. of water in the cylinder to begin with, 
at the temperature Ti : — 

(1) Apply A, and allow the piston to rise under the constant 
pressure P, which corresponds to the temperature t,. The water 
will take in heat and be converted into steam, expanding 
isothemially at the temperature t,. This part of the operation 
is shown by the line ab in fig. 14. 

(2) Remove A and apply B. Allow the expansion to con- 
tinue adiabatically (he), with falling pressure, until the tempera- 

' OrundcUge der Mceh. Ji'Srmtthenrif, p. 343, or Trchniicht Thcrmoiynamik, 
Vol. II. (1880) p. 74. See tUm Gniahof. RrniUaU au, der MecX. WSmuthtorit, 
I 87. In the adiabotio compression of wot ateam n^l-OSi + O-lly,, vhera 5, is 
the dlynesB al the beginiiiDg ot comprension. 
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ture fidls to t,. The pressure will then be P^, namely, the 
pressure which corresponds in the steam table to xg which is the 
temperature of the cold body C. 




Fia. li. Camot'B Qyde with water and eteam for working sabstance. 

(3) Bemove B, apply C, and compress. Steam is condensed 
by rejecting heat to (7. The action is isothermal, and the pressure 
remains Pf Let this be continued until a certain point d is 
readied, after which adiabatic compression will complete the cycle. 

(4) Bemove G and apply B. Continue the compression, 
which is now adiabatic. If the point d has been rightly chosen, 
this will complete the cycle by restoring the working fluid to the 
state of water at temperature Ti. 

The indicator diagram for the cycle is drawn in fig. 14, the 
Knesicand da having been calculated by the help of the equations 
m §§ 6o and 66, for a particular example, in which pi = 90 lb. per 
square inch (tis=781), and the expansion is continued down tr 
the presBUie of the atmosphere, 14*7 lb. per square inch (r9= 678] 
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Since the process is reversible, and since heat is taken in 
only at Ti and rejected only at r^, the efficieucy 13 

The heat taken in per lb. of the fluid is X^ and the work done is 

A(Ti-Ta) 

a result which may be used to check the calculation of the lines 
in the diagram by comparing it with the area which they enclose. 
It will be seen that the whole operation is strictly reversible in 
the thermodynamic sense. 

Instead of supposing the working substance to consist wholly 
of water at a and wholly of steam at b, the operation ab might be 
taken to represent the partial evaporation of what was originally 
a mixture of steam and water. The heat taken in would then be 
(?& — 3a) I^, and as the cycle would still be reversible the axea of 
the diagram would be 

68. Efficiency of a perfect Steam-engine. Limits of 
temperature. If the action here described could be realised in 
practice, we should have a thermodynamically perfect steam- 
engine using saturated steam. Like any other perfect heat-engine 
an ideal engine of this kind has an efiiciency which depends upon 
the temperatures between which it works, and upon nothing else. 
The fraction of the heat supplied to it which such an engine 
would convert into work would depend simply on the two tempera- 
tures, and therefore on the pressures, at which the steam wa» 
produced and condensed respectively. 

It is interesting therefore to consider what are the limits 
temperature between which steam-engines may be made to wort— 
The temperature of condensation is limited by the condderatioEm 
that there must be an abundant supply of some substance 
absorb the rejected heat ; water is actually used for this 
so that Ta has for its lower limit the temperature of the availabl.^ 
water-supply. 

To the higher temperature Tj and pressure Pi a practical limit 
is set by the mechanical difficulties, with regard to strength aixd 
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to lubrication, which attend the use of high-pressure steam. By 

a very special construction of engine and boiler Mr L. Perkins has 

been able to use steam with a pressure as high as 500 lbs. per 

square inch ; with engines of the usual construction the pressure 

ranges firom about 200 lbs. downwards. 

This means that the upper limit of temperature, so far as the 
steam is concerned, is barely 400"* F. A steam-engine, therefore, 
under the most fitvourable conditions, comes veiy far short of 
taking full advantage of the high temperature at which heat is 
produced in the combustion of coaL From the thermodynamic 
point of view the worst thing about a steam-engine is the irre- 
versible drop of temperature between the furnace and the boiler. 
The combustion of the fuel supplies heat at a high temperature : 
but a great part of the convertibility of that heat into work is at 
once sacrificed by the fall in temperature which is allowed to take 
place before the conversion into work bcgina 

If the temperature of condensation be taken as 60'' F., as a 
lower limit, the efficiency of a perfect steam-engine, using satu- 
rated steam, would depend on the value of Pi, the absolute 
pressure of production of the steam, as follows : — 

Perfect steam-engine, with condensation at 60** F., 

P, in Iba per square inch being 40 80 120 160 200 

Highest ideal efficiency =*284 -326 *350 -368 *381 

But it must not be supposed that these values of the efficiency 
are actually attained, or are even attainable. Many causes con- 
spire to prevent steam-engines from being thermodynamically 
perfect, and some of the causes of imperfection cannot be removed. 
These numbers will serve, however, as one standard of comparison 
m judging of the performance of actual engines, and as setting forth 
the advantage of high-pressure steam from the thermodynamic 
pomt of view. 



Kfllcieiicy of an engine using steam non-expan- 
ihrelj. As a contrast to the ideally perfect steam-engine of § 67 
"we may next consider a cyclic action such as occurred in the early 
engines of Newcomen or Leupold, when steam was used non- 
expansively,— -or rather, such an action as would have occurred in 
engines of this type had the cylinder been a perfect non-condactoi 
of heat In that case the volume of steam formed is equal to thft 

& 6 
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volume swept through by the piston. We may represeot the 
action of such an engine thus: 

(1) Apply the hot body A and evaporate the water as before 
at P,. Heat taken in, per lb. of the working fluid, =i,. 

(2) Remove A and apply the cold body C This at once 
condenses a part of the ateain, and reduces the pressure to Pj. 



i /»Hm.iil T, 
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(3) Compress at P^ in contact with C, till condensation is 
complete, and water at t, ia left. 

(4) Remove B and apply A. This heats the water again to 
Ti and completes the cycle. Heat taken in = Aj — A, 

The indicator diagram for this series of operations is shown in 
fig. 15, where oe = Pi and oh = P^ 

Here the action is not reversible. To calculate the eflSciency 
Work done ^ (P.-P.Xr.-a.) 
Heat taken in i/'(ii+Ai-As) ' 
The values of this will be found to range from 0'067 to 0072 for 
the values of Pi which are stated in § 68, when the teraperatun^ 
of condensation is 60° F. Contrast these numbers with the mucti 
higher efficiencies found in the last paragraph for a perfect steam- 
engine, following Camot's cycle. 

The efficiency of the actual Newcomen engine was much lower 
even than this calculation indicates, because in every stroke of the 
piston a large part of the steam entering the cylinder was at onee 
condensed upon the sides, and the volume of steam which had 
to be supplied from the boiler was therefore much greater thu 
the volume swept through by the piston. 

70. En^« with separate organt. In the ideal engine 
fig, 14 the functions ol" boiler, cylinder, and 
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r are combined in a single vessel; but after what 

k Chapter II. it is scarcely necessary to remark that, provided 

king substance passes through the same cycle of operations 

EFerent whether these are performed in several vessels or 



has been ^^H 
nrovided ^^^ 




Fi8. 16. Organs of 
in one. To approach a little more closely the conditions which 
hold in practice, we may think of the engine which performs the 
cycle of § 69 as consisting of a boiler A (fig. 16) kept at t„ 
non-conducting cylinder and piston B, a surface condenser C 
kept at T^ and a feed-pump D which restores the condensed 
water to the boiler. Then for every pound of steam supplied 
■ad oaed non-expanaively as in § 69, we have 

work done on the piston = (P, — Pj) F", 
Iwt the amount of work which has to be expended in driving 
Ae fe«d-pump is (P, — P,)(». Deducting this, the net work done 
]XT lb. of steam is the same as before, and the heat taken in is 
tbo the same. An indicator diagram taken from the cylinder 
•ould give the area efgh (fig. 15), where 

oe = P„ e/=7„ oA = P,; | 

■n indicator diagmm token from the pump would give the 
trre area hjie, where ei is the volume of the feed-water, or 0O17 
cnK ft. The difference between these two areas, namely, the 
ifyh which is shaded in the figure, is the diagram of the complel 
qwle gone through by each pound of the working substance, 
experimental measurements of the work done in stcam-engii 
«Jy the action which occure within the cylinder is shown 

6—2 
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indicator diagram. From tliis the work spent on the feed-pomp 
16 to be subtracted if we wish to make a rigorous determination 
of the thermodynamic efficiency. If the feed-water be at any 
temperature t, other than the temperature of condensation t,, it 
is clear that the heat taken in is i/, — h^ instead of Hj — fi,. 

71. How nearly may the proceu In a Steam-engine be 
reveriible P We have now to inquire how nearly, with the 
engine of fig. 16 (that is to say, with an engine in which the 
boiler and condenser are separate from the cylinder), we can 
approach the reversible cycle of § 67. The firat stage of that cycle 
corresponds to the admission of steam from the boiler into the 
cylinder, for during admission of steam to the cylinder a corre- 
sponding quantity of steam ia being formed in the boiler. Then 
the point known as the point of cut-off is reached, at which 
admission ceases, and the steam already in the cylinder ia allowed 
to expand, exerting a diminishing pressure on the piston. This ia 
the second stage, or the stage of erpaihsion. The process of 
expansion may be carried on imtil the pressure falls to that of the 
condenser, in which case the expansion is said to be complete. At 
the end of the expansion release takes place, that is to say, 
communication is opened with the condenser. Then the return 
stroke begins, and a period termed the exhaust occurs, that is to 
say, steam passes .out of the cylinder, into the condenser, where it 1 
is Condensed at pressure /",, which is felt as a back presture 
opposing the return of the piston. So far, all has been essentially 
reversible, and identical with the corresponding parts of Camot's 
cycle. 

But we cannot complete the cycle as Camot's cycle was com- 
pleted. Tho existence of a separate condenser makes the fourth 
stage, that of adiabatic compression, impracticable, and the best 
wc can do is to continue the exhaust until condensation ia com- 
plete, and then return the condensed water to the boiler by means 
of the feed-pump. 

It is true that we may, and in actual practice do, stop the 
exhaust before the return stroke is complete, and compress that 
portion of the steam which remains below the piston, but tbia 
does not materially affect the thermodynamic efficiency ; it is done 
partly for mechanical reasons, and partly to avoid loss of power 
through clearance (see Chap. V.), In the present instance it ia 
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supposed that there is no clearance, in which case this compression 
is oat of the question. The indicator diagram given by a cylinder 
in which steam goes through the action described above is drawn 
to scale in fig. 17 for a particular example, in which it is supposed 
that dry saturated steam is admitted to the cylinder at an absolute 
pressure of 90 lb& per square inch, and is then expanded adiabati- 
cally to twelve times its original voluma This brings it down to 




» ' 9 4 8 6 7 a 9 10 II 12 

VolulM 

Fn. 17« Ideal Indicator Diagram for Steam used ezpanaiyely. 



a pressure of 5*4 lb& per square inch, at which pressure it is dis- 
chaiged to the condenser. As we have assumed the cylinder to 
be non-conducting, and the steam to be initially dry, the expansion 
carve is calculated by the formula Pv^'^^ » constant (§ 66). The 
advantage of expansion is obvious, that part of the diagram which 
lies under the curve being so much clear gain, as compared with 
the case dealt with in § 69. 

To calculate the performance, we have 

Work done per lb. during admission = P^Fi ; 
ai „ during expansion to volume rFi =— * * * 



n-1 



(by §87), 



PiF,-P,rr,. 



U135 
Woik spent during return stroke « P%rVi ; 

„ on the feed-pump « (Pj - P.) 0*017 ; 
Heat taken in «■ ITi - A«. 
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Then, by comparing the net amount of work done with the heat 
taken in we may find the efficiency. Another method of calcula- 
ting the work done in this cycle of operations will be given in the 
next chapter. 

In the above example the expansion is complete, that is to say, 
the substance is allowed to expand until its temperature &Us to 
that of the condenser or cold body into which heat is to be 
i^ected. 

When the expansion is incomplete, as it generaDy is in practice, 
the expression given above for the work done during expansion 
still applies if we understand P, to be the pressure at the end of 
I'xpansioD, while the work spent on the steam during the back- 
»ti\>ke is PfprVy and that spent on the feed-pump is (Pi - P>) 0*017, 
l\ being the back-pressure. Incomplete expansion is illustrated 
by fig, 18, where the steam is supposed to escape after expanding 




Fio. is. Incomplete ezpanBion. 

to tivo times its initial volume. It results simply in a loss of the 
Wiuk which is represented by the toe of the diagram, that is to 
tiU;Vi by the difierence of areas between this and the last figure. 

It is easy to extend these calculations to cases where the 
hluaui, instead of being initially dry, is supposed to have any 
ii.*i5iguoil degree of wetness. The efficiency which is calculated 
\\\ thiii wuy, which for the present purpose may be called the 
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dieoretical efficiency corresponding to the astsiimed conditions of 
working, is always leas than the ideal highest efficiency of a 
perfect engine working between the same limits of temperature, i 
This is becaoae of the absence of the compression which formed 
the foQrth stage in Carnot's cycle, and hod the effect of bn'nging 
ihe temperature up to the top of the range before the substance 
began to take in heat Without compression some of th^ heat is 
taken in at temperatures below the highest temperature t,, and any 
hwt taken iu at a lower temperature cannot contribute so much 
Tiwk as if it had been taken in at t,. But even the theoretical 
tfficdency working in this way without compression, short as it falls 
of the ideal of a perfect engine, is considerably greater than can be 
realized in practice when the same boiler and condenser tempera- 
tures are used, and the same ratio of expansion. The reasons for 
this will be considered in Chapter V. ; at present the fact is men- 
tioned to guard the reader from supposing that the results which 
the above furmulas give Apply to actual engines. 

72. EoglQe In which the steam !■ kept dry during 
czpaotion. Another case of theoretical interest is presented if 
we suppose the steam instead of expanding adiabatically to be 
kept drj- and saturated during expansion, enough heat being 
communicated to it from a steam jacket to keep it dry. In the 
real use of a steam jacket the steam in the cylindeT is not as 
anile kept quite dry. A jacket which would keep the steam dry 
throughout expansion would be giving as much heat as a jacket 
tan in the extreme ease be expected to ^ve. The jacket gives 
heat hy evaporating the water which the working fluid contains : 
if that were all evaporated there would be practically no further 
commnnication of heal since the superheating of a dry gas by 
conduction is slow. The limiting case in the actirai of a jacket 
mar be said to be reached when the steam is kept dry during 
eijHDsion. In that case the expansion curve has (by § 56) the 
equation 

The work done during expansion from V, to F, is 

PV—PV 

•^'^^_^' ' = 16(fir.-P.r,)- 

is PiV, and the work spent 



The work done during adi 
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riiirin^ «chaost is PiF,. Hence the net amount of work done by 
^««uii is 17 (A F|-P.F.). 

ne heat received from the boiler is J7i — &i ; the heat rejected 
u> the condenser is Ht^h^. Hence the quantity of heat Hj 
i«<^red firom the jacket is given by the equation 

or J5r^ = 17 (Pi Fi-P,FO- 0-305 (^i-gx 778. 

The efficiency is II^L^H^) . 

jtZj — At + /i^ 

Another method will be given in Chapter lY. of calculating 
the heat supplied by the jacket in this limiting case of expansion 
along the saturation curve. 
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78. Itmlrlnif^ff ■tatement of the Second Law. Rankine, 
to idiom with Clausiua and Lord Kelvin is due the development 
of the theory of heat-engines from the point at which it was left by 
the "B^flezioDs" of Caraot and the experiments of Joule, has, in 
his "Manual of the Steam-EIngine and other Prime Movers," stated 
the second law of thermodynamics in a form which is neither easy 
to uideiBtaud, nor obvious, as an experimental result, when under- 
stood. His statement runs : — 

"If the absolate temperature of any uniformly hot substance 
be divided into any number of equal parts, the effects of those 
puts in causing work to be performed are equal." 

To make this intelligible we may suppose that any quantity q 

of beat from a source at temperature T| is taken by the first of a 

leries of perfect heat-engines, and that this engine rejects heat at 

t temperature Xt which is less than Ti by a certain interval At. 

Let tile heat so rejected by the first engine form the heat supply 

of a Beoond perfect engine working from r, to r, through an equal 

interval Ar ; let the heat which it in turn rejects form the heat- 

SQ|^ly of a third perfect engine working again through an equal 

iDterval from r^ to r4; and so on. The efficiencies of the several 

engines are (by § 47) 

At At At 
Ti ' t, ' T, 



&a 



The amounts of heat supplied to them are 
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amount of work done by each engine is the same, 
At 



Titus Bankine's statement is to be understood as meaoing that 
each of the equal iutervals into vhich any range of temperature 
may be divided is equally e6fective in allowing work to be 
produced from heat when heat is made to pass, doing work in the 
most efficient possible way, through all the intervals from the top 
to the bottom of the range. 

74. Absolute Temperature : Lord Kelvin'i scale. In 

I the preceding chapters we have been using the ima^nary perfect 

f gas thermometer as the means of framing a scale of temperatures. 

In other words, our scale has been such that equal intervals of 

temperature are defined as those which correspond to equal 

amounts of expansion of a perfect gas under constant pressnre. 

We have defined t by means of the formula V=ct, P being 

I constant. And seeing that air behaves as a nearly perfect gas 

I this scale is practically realised by the air thermometer. 

Starting from this definition of temperature we have found by 
an application of Camot's principle that a reversible engine 
working between a hot source A and cold receiver of heat C takes 
in from the source and gives out to the receiver quantities of heat 
Qj and Qc which are proportional to the absolute temperatures of 
' the source and receiver respectively, as defined by reference to the 
perfect gas thermometer. 

Hence we might have defined temperature in a very different 
way and still have arrived at just the same scale. We might have 
said, let the temperatures of A and C be specified by two numbers 
which shall be proportional to the heat taken in and given out 
respectively by a reversible heat-engine when working with A for 
source and C for receiver of heat This method of defining absolute 
temperature was proposed by Lord Kelvin. It gives a scale which 
is truly absolute in the sense of being independent of the proper- 
ties of any gas or other substance, real or imaginary. The scale BO 
obtained coincides with the scale of the perfect gas thermometer. 

Lord Kelvin's method of devising a scale of absolute tempera- 
fun-s may also be put in a somewhat different fashion, thus: — 
Starting with any arbitrary temperature let a series of intervals 
be taken such that equal amounts of work will be done by every 
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me of a ecries of reversible engines, each working with one of 
lli«w ioterraU for its range and e^cfa handing on to the engine 
Idow it the heat which it rejects (so that the heat rejected by the 
lira fonns the supply of the second, and so on). Then call these 
uiEcrvals equaL This is only another way of putting the definition 
c^abeolnte temperature which has just been quoted: it is 8Ug- 
gnted by what has been said in the last paragraph about 
Bankine's statement of the Second Law. 

The scale of the actual air thermometer would be in perfect 
igreonent with Lord Kelvin's absolute scale if the laws stated in 
Chapter 11. were rigorously true of air, namely, Regnault's law, 
accwding to which the specific heat at constant pressure is 
constant (§ 33), and Joule's law, according to which there is no 
diange of temperature when a gas expands without doing external 
*ork and without receiving or rejecting heat (§ 34). The experi- 
ments by which Joule established his law have been already 
i«<cribed. Reference has also been mode to the subsequent es- 
periments of a more searching kind, devised by Lord Kelvin, and 
carried out by him in conjunction with Joule, in which air was 
fctced slowly through a porous plug to see whether its tempera- 
ton became changed, which have shown that air does not conform 
'wHk pofect exactness to Joule's law'; but the deviations are so 
ilight that for all practical purposes the scale of the air thermo- 
meler may be taken as agreeing with the absolute scale'. 

Actual air thermometers may be made for use in two ways : In 
me the pressure is kept constant and the volume is allowed to es- 
[hmJ or contract as the temperature varies ; in the other the volume 
ii kept constant by adapting the pressure to the temperature 
vbich IB being measured, and the temperature is then taken to be 
proportional to the pressure. This latter is the more practicable 
form : it is called the constant volume air thermometer. The air 
must be perfectly dry : if there is any water vapour in it the 
mlame in the one case or the pressure in the other may be far 
from proportional to the temperature. 

75. CalcalatloD of the Beniity of Saturated Steam. 

In our account of the physical properties of saturated steam it 

Se« Lord Kelvin'* Colleclrd Papen, Vol. I. p. 883. 

Pot ft dumpuiaoa b; Bowlaad based od the ciperiments of Joule and Lord 
Zdtti), n« Prottidingt of t}ie American Academy, 1879, alw Ptofemor Peftbodf 'a 
et of the Sliam-Enai'", Chapter vi. 
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was raeotioned that the volumes of 1 lb. stated in the third c 
of Table I. were not found by direct experiment, but i 
culated from other known properties. To explain how this is d 
we may revert to the ideally perfect steam-engine of 1 67, in whi 
Camot's cycle is followed with water and yteam for v 
Rubstance. We saw that this gave an indicator diagram ( 
with two Unea of uniform pressure (isothermab) connected by t 
adiabatic curves. The heat taken in was L per Ih. of worki 
substance, and since the engine was reversible its efficiency was 



from which it followed that the work done, or the area of the 
diagram, was 

X(t.-t.) 

Ti 

This is in thermal units: to reduce it to foot-pounds we multiply 
by /. Now suppose that the engine works between two tempera- 
tures which differ by only a very small amount. We may call the 
temperatures r and t — 8t, St being the small interval through 
which the engine works. The above expressioQ for the work done 
becomes (in fbot-pounds) 

JLZt 

T 

The indicator diagram is now a long narrow strip (fig. 19). 
Its length ah S&Y—v}, y being the 
volume of 1 lb. of steam and a> the 
volume of 1 lb. of water, or say 0017 
cubic feet. Its height is 8P, where 
SP is the difference between the pres- 
sure in at and that in ci. In other 
words, since the steam is saturated in 
cd aa well as in oft, SP is the dififer- 
ence in the pressure of saturated steam 
due to the difference in temperature 
St. When 5P is made very small, the area of the diagram be- 
comes more and more nearly equal to the product of the length 
by the height, namely, SP ( V— w). This is equal to the work done, 
whence 

ifij-')' — (1). 



Voliimt 
Fta. 19. 
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This equation ia only approximate when the interval St (or BP) 
13 a small finite inteiral. In the limit, when the interval ia made 
indefinitely small, it becomes exact and may then be written 

''— ffe <^)' 

Tp being the rate at which the temperature of saturated stoam 

altera relatively to the pressure when the temperature ia t. 
Thua we have the equation 

•^ "^ T dP 

as a means of calculating the volume of 1 lb. of steam when the 

'Values of L and of -rp for Tarious temperatures are known. 

Regnault's experiments have determined L, and by giving the rela- 
tion of P to T they have also given data from which it is easy to find 

-Tp either by measuring the slope of a tangent to the curve of t and 

Por by differentiating a formula such as equation (1) of § 55 which 
eipreases the osperimental relation between these two quantities. 
It is in this way that the values of 7" in the Table have been 
lietennined. 

The advantage of the method is that L and -,„ can be 

measured more accurately than V could itself be measured, and 
ttiiB the values of V obtained indirectly fixim them are more 
libly to be right than those obtained by direct experiment. The 
formula show3 that the numbers found in this way depend on J, 
uiii are nearly proportional to it, since oi is small ; and hence, as 
W been remarked before, the numbers given in the third column 
'^Ihe table have required alteration frem those given by Rankine, 
i'^cauae 778 ia accepted as the mechanical equivalent of heat 
instead of 772. 

76. Extension of the above result to other changes 
of physical state. In equation (2). above, the lefl-hand side 
"^ positive, since V the volume of 1 lb. of ste^m is greater 
'ban o) the volume of 1 lb. of water. The right-hand side 
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in other words, that increafflog the pressore under which stoaiu is 
formed raises the boiling point. The equation might evident!;" 
be applied in the reveree way to that indicated above (for finding 
V) ; in other words, if the amount by which the volume increases 
when water chaDges into steam were given we might employ that 



dP 
increase of pressure. 

Further, the reasoning by which this equation was arrived at 
was perfectly general and was in no way restricted to the case 
of steam. The engine whose indic&tor diagram is sketched in 
fig, 19 might have anything for working substance, the isotheniial 
line of the first operation, during which heat is taken in, repre- 
senting in the most general way the change of volume which 
occurs while any working substance changes its physical state. 
In the example already dealt with the chatige is from liquid to 
vi^iour. But we might begin with a solid substance previoosl}' 
laised to the tempeiatore r at which it begins to melt and let the 
fint stage in the cycle coostst in the expansion of the substance 
while it passes &om the solid to the liquid state, the sttbstance 
doing external work by overcoming a constant pressure as it 
expands. All the steps in the argument remain unaffected, aoj 
heoce the equation may be written thus with reference to any 
transformation of state on the port of any substance. 



where V a the Tolame of onit mass of the substAnce in the 
origiiud state, U is Xim volame after the trsnsformation has taken 
pUce, X is the heat absorbed while the transformation is going nc 
(the latent heat of fusion or of evaporation as the case may be). 

tnd 5^ is the rate at whic^ the temperature of the transfonnatioQ 

(say the melting-point or the boiling-point) is affected by altering 
the prt^wui^ undfr which the change of state occurs. 

if a solid body expands on meltiag, U is greater than V, mi 

eotisequently ,p must be positive: in other words, the meltio;- 

"oint will in that case be raised hj applrii^ preaanze. 

On the other hand if the substance oontntcts on meltiDg; 
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— 0" i» negative and t must then decrease relatively to /*, that 
to say, the melting-point ia then lowered by applying pressure. 
m is the case with ice. From the known amount by which ice 
DtracLs when it melts James Thomson (in 1849) first applied 
lis method of reasoning to show that the melting-point of ice 
lUBl be lowered to a definite extent when the ice is melted under 
ay assigned pressure, and the result was afterwards verified by an 
iperiment of his brother. Lord Kelvin. The amount by which 
le meiting-point is lowered is about OOISS" F. for each atmo- 
Awe of pressure'. 

77. Drying of iteam by throttling or wire-drawing. 

Whea dry £t«am expands without doing work and without receiv- 
Bg or rejecting heat it becomes superheated ; and if wet to begin 
rith it becomes drier. This is because the total heat of steam 
ff) is less at low pressure than at high. Suppose for instance 
kt steam is flowing through a small pipe or orifice from a 
hamber where the pressure is Pi to another where it is P, Such 
action happens in steam-eogines in the movement of steam 
broagh contracted pipes and passages between the boiler and the 
re chest : the steam becomes reduced in pressure and is said to 
throttled or "wire-drawn." Eddies are formed in nishing 
hrough the constricted openings and the energy expended in 
ng them is frittered down into heat as the eddies subside. 
'o calculate the amount of drying, in the case of steam that 
t initially wet, we have (if no heat enters or leaves the fluid) 

qiL, + k, = qJ.a + h^ 

rhere the suffixes 1 and 2 refer to the condition before and after 
brottling respectively. It is assumed that a steady condition 
before and also after the throttling and that the chambers 
^ Urge, BO that the stream of steam has no kinetic energy worth 

' See Lora Kelvin's CoUecttd Paper*. Tot. i. p. 156 and p. 166. Tba namericftl 
ill aUtad in the teit is obtained aa follows :— A pound □[ water ohanges its 
Bma ia freezing from 0'016 to O'OlT-l oub. ft., aad gives out 143 anita of Leat. 



ad i( iP b« one ktmoBphere o 



(mT) 2160 1ba. p«rBq. ft., fir is 2160 x 0-0000066 ei 
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in other words, that inci 
formed rai8os the boljii' ; 
be applied in the rt'v«r- 
F); in other wonls, if 
when water changes ii. 

to calculate j-«, thi- r- 

increase of pn.'.ssuru. 

Further, the rcH-f. 
was perfectly gen* i . 
of steam. The i.nL'"i'v- w*» 
fig. 19 might havii anv 
line of the first u}»ti . 
senting in the ni»..M 
occurs while anv .\.-. . 
In the exanipir an*... 
vapour. But \\«- : 
raised to the* t«tiij. 
first stage in th« 
while it 2)ass«s i 
doing external 
expands. All 
hence the cm[i:. 
transformation 



s the orifice or aft^r it 
*L From this 



where U' is :■ 
origin**^! stale. 
place, \ is tl.i 
(the hitrnt ? 

, rfr . ,, 
and^pLst. 

(say tho Ti- 
the prt-.^^" 
If i^ '^ 
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On ^' 



^ high pressure from a 
. ^: a Httle distance from 
.=iscJ by loss of heat to 



2 ^mrions tempeFatiire& 

::.: the working suC'i'.ance 

z.: : temperature Tj. Im- 

• liken in piinly at one 

-sn-T-e cycle of operation?. 

-i! the result still applies 

r • L-'erted into work under 

•r-^:ited by the tiifference 

: izd rejection, divided by 



•••-•• — • 



.^^ . :ie whole heat which is 
.^ < taken in at so»me other 
jr. :' *! be the temperature at 
:- viole work done, if the 



• ■ "1" ••• 



etc. ...(4). 



'I 



.^.. .ttt the analog}' here to thi 

j^^utt« working by gravity an< 

jk ii&rent heights above th 

^ t:oi them. Let J/,, J/3 an- 

.,3^;ei-^'^ ** heights Z,, i, etc. abov 

:^ viiHi: above the same datui 

^ »ie^L If the wheel is pei 

^ XS5 ^i perfect eflSciency : 



^ :>dk: the quantity — * is th 
I II :i^ water-wheel and so oi 
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: '>f work which can be got out of a given quantity of 

- ^^H-insf it down to an assigned level of temperature is not 

' '•"•'^rtional to the product of the quantity of heat by the 

. : -laperature, but to the product of - by the fall of 

"•'niiure. On the strength of this analogy Zeuner has called 

. .iitity ~ the " heat weight " of a quantity of heat Q obtain- 

. .• ai a temperature r. 
.luutlier way of expressing the matter has a wider application. 
:.< engine as before take in quantities of heat represented by 
... y, etc- at Tj, Tt, T, and let — Qo represent the heat rejected 
-„ the negative sign being used to distinguish heat rejected 
.: heat received. Then by the principle that in a reversible 
\*i the heat rejected is to the heat taken in as the absolute 

' -nperature of rejection is to the absolute temperature of recep- 

'^^■n, we have 

't r r..., 

To Tj Tj, T, 



i'jm which 



2^ = (5). 



^ hen the summation is effected all round the reversible cy^le. It 
i clear that this result may be at once extended to cases where 
eat is given out at various temperatures as well as taken in at 
arious temperatures, Q being taken positive or negative according 
s heat is being received or rejected. 

In cases where changes of temperature arc going on continuously 
'hile heat is being taken in or given out, we cannot divide the 
sceptioa or rejection of heat into a limited number of steps, as 
as been done above. But the equation may be adapted to this 
lost geneanl case by writing it 



/ 



•^-0 (0, 



itegntion being performed round the whole cycle. 

79. AppUcatloB to the case of a steam-engine working 
rlUumt oomprMiion, but with complete adiabatic ezpan- 
ion. In § 71 we considered the action of an ideal steam-engine 
I which the steam formed at r^ was expanded adiabatically and 
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"2*.- -Zikz 2? ;.: SET. down to the pressure corresponding to the 

c£rr^nix?f :c i-'f Mcdenser Tj and was there condensed, the con- 

'?ii2^i Tv-dT r»rii^ lirB z>Bstored to the boiler by a feed-pump 

-ii-: -i? I'znZ'-ri win lo t, to complete the cycle. This cycle is 

*c*r-.LiJ- jiir«:raz:: in the discussion of steam-engines because it 

'vcr^-'s^-is n»r :«i=A-.y best performance of an engine which uses a 

vr-^o'cmr ". re:-r^ ihe condensed water directly from the con- 

ic!:airr :;.• "::•: "riril-fr r^mely, the performance which such an engine 

r ^ : iLi:.- ••f Tr:T>ird the expansion were complete, so that there 

?c*. I..: >^ ic sioicc da'^p of pressure at release, and provided the 

*ur«^r A^c rijjccc wen? perfect non-conductors. The et&cieucy 

J, :s^ :^~r.c ik^ sbors of the Camot limit 

• 



•^i 



u :::«! x'ttTsh stage of the cycle the working substance has 

j» c<cjL^r:&mr^ r:k:^ed &\>m r, to Ti, not by adiabatic compression, 

«. :x /ik-'M* -•yi.-i^? ^§ 67), but by being brought into contact 

•i :! !>: \£::^a» of the boiler, which are kept at Ti. Conse- 

..xcu'.i' ^£«^«■ cu:*?r* i: in this stage by a non-reversible process: 

. »^ w2^r T'-^vtvw however the cycle is reversible. 

-^iu »t t;jfc» 7^v?tfd this as a strictly reversible cycle if we 
.11 -^^ . :> :t^\i-*afc5er as taking up its heat by infinitesimal 
.?«:.:> a: a s^r.e* of temperatures ranging from t, up to Ti 
«t^> i imA^jxATy sources each of which has the same 
. ivs «:»- iie w:i:er when the water is brought into contact 
^a "^^ *^-'*> ^*alis^ thia notion by thinking of the feed- 

f^ 9 wai^JtiC opLHia^h a heated channel the temperature of 
a - ~- 5^«*! 'o :ao boiler and tapers down to Xg close to the 
"*^uas :itc feed-water would have its temperature 
-.T»k.tA*.> uid would nowhere be brought into contact with 
^wu4 /k «ttt|KvtKiuv dillerent from the temperature which it 
:tea ^mmSkxL With such an arrangement as this it is 
;si» u^tiM b«vvme!» a strictly reversible engine, receiv- 
L '^ \««c» bbow^ver at various temperatures. But 
-jK .uik;,tti«^ » iu uo way altered by this imaginary 
L tfe^ ^M^x^uv. nor is the total supply of heat in 
i^iiiifgri ^^ 3iii£oii of grailual heating in the feed-pipe 

10 »how that the cycle is a reversible 

4f die &ct that heat is received not all 

gf temperature, but partly at lower 
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tempeiatures. Everj part of the heat which the substance receives 
k used in the most efficient possible way, after it has been taken 
k, 80 that the expression 

IzJi 

T 

measures the efficiency of the transformation into work of each 
portion of the heat, r being the particular temperature at which 
the working substance happens to be when it takes in that portion 
of the heat. The only non-reversible feature in the action of this 
engine is the flow of heat from a source at Tj into the feed-water 
while the temperature of the feed-water is less than Ti ; and we get 
rid of this partial non-reversibility by taking as the temperature of 
reception of each portion of the heat that temperature which the 
working substance has when the portion in question was taken in. 
It will be evident that these remarks are of general application, 
and that when this understanding is accepted, both with regard to 
the temperatures of reception and rejection of heat, the process in 
any heat-engine is to be taken as reversible provided the expan- 
sioDS and compressions which occur in it are themselves reversible 
in the sense which has been explained in § 50. With a source 
of heat at a given temperature the heat can be turned to account 
most efficiently only when all the heat is taken in while the 
working substance is at that temperature, and it is only then that 

the greatest value of the efficiency, namely, , can be reached. 

Bot the engine may take in part of its supply of heat at tem- 
peratures below Ti and still act reversibly in the conversion of the 
heat so received into work, in which case the efficiency of the 

whole action vnll be less than -^ though the general formula 

•* is still applicable in respect of every separate portion of the 

heat, when proper values are assigned to r. 

The ideal steam-engine which we are now considering is a 
case in point. It takes in the greater part of its heat at Tj, but 
some is taken in at temperatures ranging between r, and Ti. 
So Car as actions occurring within the engine are concerned it is 
lewersible. The amount of heat it converts into work is therefore 
to be fonnd by calculating 

^ r ' 

7—2 



tlk 4 ^ ' ^' * 
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fQ represents any part of the heat taken in and r the 
taHfieimtare at which it is taken in. The whole heat taken in, 
per IK of working substance, is, first, the amount of heat which is 
required to heat the water finom r^ to Ti, namely, fh — h^, which is 
taken in while the temperature is yaiying, and, second, the latent 
lieat X, which is taken in at the temperature T]. Hence the 
whole amount of work done per lb. of working steam (expressed 
in thermal units) is 

J h^ r Ti ' 

which may be written 

J ht J hn r Ti 

This gives Tr = A,-A,-T,log.^ + ^i-(lLZJi) (7), 

since dh may be taken as almost equal to dr, the specific heat of 
water being very nearly constant and equal to unity. We might 
for the same reason write Ai — A2=ri — r, and express the result 
thus 

Tr = (T,-TO(l+^)-T,log.^; (8). 

T%is is the greatest amount of work which can be done, per lb. of 
^^e^n^ under ideally £avourable conditions by an engine which 
t^k<« ^tearn from a boiler at temperature Ti and restores con- 
^}««w^ water to the boiler at temperature Tj. The result is 
iii<<^4rMAng as afibrding a standard with which the performance of 
liW«w^ ^^1>^m*engines may be compared (see Chapter V.)\ 

4< i^ iSMU-oniont to have a name for the cycle of operations 
"V^k^ >N«MNkK«\Hi. Following a practice which has now become 
y^ttvm. >fcv n^ay call it the Clausius cycla 

^^ ^/^Nw^wy of a steam-engine working in this ideally 

^wvMHl>%i^ iMtimuor, but without compression, is to be found by 

;Ui%iu^ tith^ liJkwt^ expression for W by the heat taken in per lb. 

J>i + Aj — A9. 
V«^ A uuuHaictU example, take the case of an ideal engine 

iH lusiu*^ luuMMMMhl Yidaei of W from this equation the quantity — xaa^ be 

^...^.- v^uv;^\ u^^ f)^^ Ij^ ^1X9 in the Appendix. It is the differenoe betwMn 
.»^ .,.tuls4^ ^ix^ tin^^ mi^ Uj, headings 0, and ^ (See § 87, below.) 
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voicing in this way, receiving steam at an absolute pressure of 
160 lbs. per sq. inch, and condensing it at 60° F., with complete 
adiabaljc expansion from the top to the bottom of this range. 
Here t, is 824, t, ia 521 and Li is 858, in round numbers, and 
hence the expression for IF gives 379 thermal units as the equiva- 
lent of the work done per tb, of steam. The supply of heat per lb. 
IB 1165 thermal unit^. The efficiency is therefore 0325. Compare 

this with the number 0"368 which represents the value of ~ -; 

namely, the efficiency of a reversible cycle completed by adiabatic 
wmprraaon as in the engine of § 67. The absence of adiabatic 
wmpresaion has in this case reduced the efficiency by nearly 
12 per cent This comparison shows what is lost by the partial 
misapplication of heat which results from letting the feed-water 
come into the boiler cold, to be heated by contact with the hot 
"ster already there, bo that the portion of heat represented by 
K~K is taken in at temperatures lower than the top of the 
nuige. 

The expression for W in Eq. 8 serves to show how much work 
it IB ideally possible to get from 1 lb. of steam when the tempera- 
ture of the boiler and the temperature of the condenser are 
Msigned. But it is fiarther useful as a standard with which we 
iMy compare the action of the steam cylinder, taken by itself, 
without reference to the boiler or to the condenser. For that 
pOipose T, may be understood as the temperature of the steam on 
f^aching the cylinder and t, the temperature of the steam on 
'wving the cylinder, although these temperatures may differ from 
fiioae of the boiler and condenser respectively. Then the formula 
Serves to show a limiting amount of work which the actual 
Pei-formance of the steam must be expected to fall short of, and 
'itnishes a useful check on the results of engine triala 

80. Extension to the caae of iteam not Initially dry. 
"he, result arrived at in the last paragraph may be readily 
tended to cases where the steam is not dry when the adiahatio 
pansion begina Let q, be the dryness at this stage: then the 
'^at taken in during evaporation is q^L^ per lb. of working sub- 
t^nce, but the heat taken in during the heating of *!"' 'vater up 
c> T, remains what it was before. The oxprfssio" 
'^ne per lb. of feed-water (assuming complel 
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which is the same as equation (10) in § 65. It is to be noticed i 
that in deriving this expression the specific heat of water has been | 
treated as constant. The result is therefore (to a very small I 
extent) inexact, especially at high temperatures, 

S2. Entropy. When a substance takes in or rejects heat it 
Ie md to change its mtropy, the change of entropy being defined 
by tbe expression 



(wfi element BQ of the heat taken in or rejected being divided by I 
the absolute temperature which the substance had at the time. 
In dealing with entropy, just as in dealing with total beat, it is 
convenient to choose some arbitrary starting-point and reckon the 
entropy from that point as a zera Thus in reckoning the entropy 
of steam at any temperature we may take the condition of water . 



St 32° Pah, as a convenient datum and calculate "S, — 



1 that, , 



<^liiig the value so calculated the entropy of the steam. Entropy j 
^11 be denoted by ^: in giving it numerical values it is to be I 
Reckoned per unit mass of the substance'. 

It follows fnim this definition that when any substance is ' 

S^iog through an adiabatic process its entropy does not change. 

'"urther we have seen (§ 78) that when a substance is carried 

through a complete reveraible cycle 

T 

^heu the whole cyclic operation is considered. Hence when the 
'^^cle is complete the entropy of the substance, as well as its 
Pceaaure, temperature, volume and internal energy, hiis returned 
*<» the value which it had at the beginning of the cycle. 

tJonsider now a cycle consisting of two isothermal and two 
^tliabatic operations, fig. 20. In passing li-om a to & by the 

*Sothermal line Ti the substance gains entropy — , where Q, is 
^■tie heat taken in during this operation. Along the adiabatic line 
•*TJm 6 to c there is no change of entropy. In the isothermal 

■ The natne Entropj ma first used b; CUaaiiiB. Raokioe oalls # the 
*' TbcrmodjnftiniD Pnnction." 
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line ed the entropy is reduced by ^, and firom (2 to a 1 
no change of entropy. Now -^ = ^ , which means tha 




r«/«jM 



Fio. 30. 

changes by the same amount whether we pass from ( 
line (Ul to another adiabatdc line be by one isotherms 
by any other isothermal path dc. And moreover tl 
entropy between one adiabatic and another will 1 
whether the cross-path be isothermal or not, for a cur* 
any relation between P and V may be regarded as 
succession of minute isothermal and adiabatic e 
the change of entropy along such a curve is tb 
changes which occur during the isothermal ele 

process, and is still equal to - for any single is 

between the same pair of adiabatic lines. 

We see, then, that not only is there no cha 
during an adiabatic process, but there is a p 
change of entropy when a given substance j 
adiabatic line to another, by whatever path. Jt 
lines are lines of uniform temperature so adiabatic 
uniform entropy, and just as isothermal lines can 
by numbers Ti, t„ etc. denoting the particula? 
which each is drawn, so adiabatic lines oa^ be 
numbers ^i, ^a, etc. denoting the particular va 
on each. From this point of view adiabatic lir 
isentropic lines. The conception of entropy ae 
of a substance which does not change during f 
or compression is of considerable service in p 
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heat-engines. We proceed to show some of the uses to which 
this notion may be put. 

83. Eotropy of Steam ; Cerlvatlon of the Adiabatic 
Sqnatlon. Reckoning from water at any initial temperature t^ 
the entropy of steam (taken wet, for greater generality) 

Th; firet term represents the entropy which is acquired during 
the heating of the water from t, to t,, which is the temperature 
of evaporation, and the second term repreBents what is acquired 
during evaporatioD, q, being the dryness of the steam. Treating 
theipecific heat of water as unity wa can write dr for dh ; then 
integrating. 

= log,T,-log.T. + ^ (11). 

^o« in adiabatic expansion we have 

^ = constant, 
^od hence if the steam be expanded adiabatically to any tempera- 
tOBT 

log, T - log, T, + ^ = log, T, — log. To + "~ , 

f^om which ^ = ^5— ! + log, - , i 

T T, * T, 

'^''■iuch ia the adiabatic equation of § 65, already derived by another 
^id longer method in § SI. 

Si Entropy-Temperature Diagrami. The familiar way 

t^iiepreseut graphically those chaogea which a working substance 
^indergoea iu the action of a heat-engine is to draw the indicator 
*li»gram, which shows pressure in relation to volume. Another 
'•Tij is to draw a diagram showing the relation of the temj>erature 
^f the substance to its entropy. Dingranis of this kind form 
*>A interesting and often useful alternative to the ordinary indi- 
cator diagram'. Let h^ be the small change in entropy which a 
' Bi)tr«p)'-Teiii]j(>ntun> diatfruua were desoribed along wilh other grapbto 
'•Wlhodi in thennodynnniPs by Professor J, Willard Gibbs {Tram, of tht Can- 
**WeuX Aoxi. of Scienert, Vol. ii. 1873. p. 309). Tbeir application to steam-engine 
^'Btitniu ia mainlj due to Mr J. IdBorarlaDe Qra; (gee Proe, liut. Much. Eng. 1B89. 
*■ 3Mt. Professor Bonlvin (Court de Mgcanique apptifjatt : Thlorie da MaMnea 
**«ri>t^ue)) Moribes their earliest use to M. Th. Belpoire {BulUtin dc I'Acadimie 
'^imi* it B1I3U1M iwa, V. 34), 
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substance undergoes when it takes in any Btnall quani 
heat at any temperature t. By the definition of entro] 



fTd<i>=JdQ. 



Lut^yi 




whence 
luid 

the integration being performed between any assigned lit 
Now if a curve be drawn with r and for ordinates, /rd^ is 
area under the curve. This by the above equation is equa 
fdQ, in other words, the area under any portion of the entp 
temperature curve is equal to the whole quantity of heat take 
while the substance passes through the states which that poi 
of the curve represents. Let ab, 
fig. 21, be any portion of tifce curve 
of and T. The area of the cross- 
hatched strip whose breadth is htf> 
and height t, is tS0, which is equal 
to SQ, the heat taken in during the 
small change Bip. The whole area 
mabn or Jrdji between the limits a 
and b is the whole heat taken in 
while the substance changes from 
the state represented by a to the 
state represented by 6, Similarly, in 

changing firom state b to state a by the line ba the subst 
rejects an amount of heat which is measured by the area b< 
The base line ox corresponds to the absolute zero of temperati 
When an entropy- temperature curve is drawn for a com| 
cycle of changes it forms a closed figure, since the subst 
returns to its initial state. To find the area of the figure we 1 
to integrate throughout the complete cycle, when 

!rd4. = Q,-Q,. 
Qi being the heat taken in and Q, the heat rejected. But 
difference between these is the heat converted into work, henc 

frd4>=W. (IS 

when the integration estends round a complete cycle and 1 
expressed in thermal units. Thus entropy-temperature diagr 
have the important property in common with pressure-vol 



eiftnpy 



Fia. ai. 




Fio. 22. Camot's Cjole on 

tlie Enttopy-Tempentilio 
Diagrun, 



f 
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diagrams that the enclosed area measures the work done in a 
oomplete cycle. 

Isothermal tiDes on an cntropy-tcmperalure diagram are 
straight lines parallel to ox whatever 
be the working auhstance : adiabattc 
lines are etraight lines parallel to oy. 
Wing lines of constant entropy. Hence 
Cariot's cycle, whethor with air or 
!t«aiii or any other substance, would 
Is represented by a rectangle abed, 
fig. S2, in which the heat received 

Q, = area abnm = t, (^ - ^'), 
liest rejected 

Q,= area cdmn = -r,(<j> — 0'), 
utd ffork done 

ir= area ahcd = (t, - t,) (0 - .^'), 
^bemg the entropy in the adiabatic process of expansion and (f/ the 
entropy in the adiabatic process of compression. The efficiency ia 
area abed t, — t, 

85. Entropy-Temperature Diagram for Steam: appll- 
cttton to ideal steam-engine nrorking Mrlthout comprewlon 
hit with complete eKpanston. A more interesting example 
ft ibe use of entropy-temperature diagrams is given by the 
*iipne of § 71 using the Clausius cycle of operations. In that 
<7cle, after complete udiabatic expansion from t, to tj the steam is 
condensed isothermally at t,, and ia then returned as water to the 
boiler. In drawing the diagram for the cycle we shall begin at the 
point where the water, at t„ is about to be heated. Reckoning 
6ma some standard (lower) temperature To and dealing throughout 
»ilh 1 lb, of the working fluid, we have 

— - f^dh f^ cdT 

Entropy of water at any temperature t = | — =1 — , 

•here o- is the specific heat of water. The specific heat is equal 
loiiaity at low temperatures and becomes only a very little more 
tban unity at high temperatures. Neglecting this small change, 
'« may write 

Entropy of water =1 — = It 
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which relates to any stage in the heating of the feed-water from r^ 
to Ti. The first part of the diagram is therefore a logarithmio 
curve, abf fig. 23, where Xa = t^ t^ « Tj, ^^ =« log, t, — log, r^ and 
^ = log,Ti-log,To. Hence ^ - ^a or mn = log, Ti — log. r,. It is 
a matter of indifference, in the drawing of the diagram, at what 
distance the origin is taken to the left of m; in other words, what 



I 




•LJb 



£ntnp9 



Fio. 93, EQtrop7>Temperature Diagram for Steam. 

value of T» is taken as a datum in reckoning the entropy. In the 
oxiunple 8ket<^hod in the figure the entropy of water at 32® Fah. is 
nvkoiunl to bo zero: r« is taken to be 562 and !> to be 834; 
T« thon^fv^ro ci^nvsponds to a steam pressure of 1 lb. per square 
inch and r^ to a pressure of 180 lbs. per sq. inch. At b steam 
lH\i::ins^ to Ih> fornioH. and be is the change of entropy which the 
sulvstiuuv uiulorgix's in jvassing finom water to steam at the con- 
stant toiuivnituiv Ti. be is therefore equal to — , assuming the 
oYrtiH^rj\tion to Iv complete. If the evaporation were incomplete, 
be wvniKl Iv ovjuul to i^—. The adiabatic process of complete 

o\jv;\nsion down to the ton\}vniture t, is represented by cd, and 
«/*! is I ho pnxvss of iHMulousi^tion which completes the cycla 

Tho l\o;\t taken in ilurinjr the warming of the feed-water is 
the aioa ttuihi. The heat taken in during evaporation is nbcjk 
'ri\o work ilono is tho onolostni an\i abeda. The heat rejected is 
fhhim. 0( tho hoat taken in during the process of evaporation, 
uamoly. tho aiva bp, tho jv^rt moa:>ui\\i bv the area bd is converted 
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into work : it represents the fraction j— or 



Ti-Tj 



of the whole, as 



bn Ti 
we should expect. Of the heat taken in during the process of 

warming the feed-water a smaller fraction is converted into work, 

namely, the firaction — j-. This is because the heat is less ad van- 

tageonsly supplied during this operation, the temperature being 
then less than Ti. An engine going through Carnot's cycle would 
have the diagram ^xxL The present engine does more work (by 
the area abe)^ but to do this it has to take in a more than propor- 
tionally larger amount of heat and is therefore less efficient It 
will be seen that the diagram exhibits in a very simple way results 
which we have already arrived at by other routes. 

Further, let a curve cf be drawn such that the distance from 
any point in a& to it, measured horizontally (that is, parallel to 

op), is equal to the value of — corresponding to that point. Thus 

r 

let c^ be equal to — , / being the point where ad produced meets 

this curve. Then the dryness of the steam after the process of 

adiabatic expansion represented by cd is given by the fraction 

ad 

-^. This follows from the fact that if the steam were perfectly 

diy at r, the heat given out during its condensation would be equal 
to the aiea qftim^ whereas the heat actually given out is equal to 
jnIbul In other words, the former area is Z, and the latter is 
^JL^ ft being the dryness when the stage d is reached, whence 

f^»->. In the same way a straight line drawn horizontally 
from any point t in cd (fig. 24) to meet the curves cf and oh is 




\* 



i~J 
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divided by cd into segmenta il and ik. These are proportional to 
the quantities of steam and wator respectively which make up the 
working substance when the expansion has advanced as far as the 

point t. In other words, the dryness q = jT- The temperature- 
entropy diagram thus affords a convenient method of finding q 
graphically at any stage in adiabatic expansion. 

Further, suppose the steam has not been dry when adiabatic 
expansion begins. This state of things is represented on the 
diagram by making the horizontal line from b terminate at a 

point g such that bg = ^^ : in other words, ^ =qi. The line gh now 

represents the process of adiabatic expansion and the construction 
just described is still applicable to find q at any stage. Thus at h, 

q= —f and -^ is the proportion then present aa water. 

Again, reverting to the Cainot cycle of fig. 14, § 67, we can 
use the entropy-temperature diagram to determine the point at 
which condensation at t, must be stopped in that cycle in order 
that adiabatic compreBsion may bring the substance to the state 
of water at t,. The process of compression required for this is «6 
(fig. 23 or 2i), and hence compression must begin when the pro- 
portion 
^ measures the dryness at any stage j of this adiabatic compres- 



66. Application of the entropy-temperature diagram to 
the case of niperheated Bteam. The entropy of steam super- 
heated to any temperature t is to be found by adding to the 
expression for the entropy in the saturated state the term 

J., T ' 
where « is the specific heat of the steam during superheating, that 
is to say, the amount of heat required to raise 1 lb. of the steam 1' 
Fah. when its temperature exceeds Ti the temperature of satura- 
tion. In the absence of more definite knowledge of what happeu 
during superheating « is generally assumed to be roughlv 
constant. Its value is probably not far from 0*5 when there i» ~ 
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soperlieatiDg*; and when the process of superheating is performed 
«t ooDstant preflsore, — a condition which applies, for instance, when 
steam is saperheated by passing through a coil of pipe in a hot 
fine or foraace on its way from the boiler to the engine. The 
addition to the entropy may then be written, approximately, 

scj -;^ = ic(log./-log,T,). 

This allows the entropy-temperature line to be extended as in fig. 25, 




Fio. 25. 

where cr is drawn to show the increased amount of entropy produced 
by superheating as calculated for a series of values of r. After 
Buperheating to any extent let the cycle be completed by the 
processes rs and «a, namely, by adiabatic expansion to temperature 
Tt and condensation at that temperature. The diagram shows 
that, in consequence of superheating, the work done by the substance 
is increased by the area dcrs, while the heat taken in is increased by 
pcnL The efficiency is slightly increased, since this additional heat 
is received at temperatures somewhat higher than those at which the 
other portions of the heat were received. But unless superheating 
he carried very &r the extra supply of heat is too small a part of 
the whole to make any large difference in the efficiency of the 
ideal engine we are dealing with here. In the case sketched in 

> Whoi the tmoimt of saperheatiog is small k may be expected to be greater 
4mb liiis, aqMwiillj ivIibii the presanre is high. It is not strictly constant, the 
nwoBl of hMl t9> Tee being greater at the beginning of the super- 

tatiof than vImp m considerably raised. (See § 90.) 
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fig. 25 the steam b supposed to be superheated as inocb us 200' 
above the boiler temperature, but the diagmm shows that even 
this makes but little improvement in the ideal efficiency. In real 
engines superheating does make a marked difference, but its 
influence is indirect, and proceeds from the fact that it tends to 
prevent the sttam from being condensed by contact with the 
metal of the cylinder and piston. This effect of superheating will 
be considered in the nest chapter. Nothing of the kind takes \ 
place in the ideal case now dealt with, because here we postulate I 
adiabatic expansion, or, in other words, a perfectly non-conducting 
cylinder and piston. 

It would evidently be fallacious to suppose that when super- 
heating is applied to the steam of the ideal engine the increased 
range of temperature implies anytiiing like a corresponding gain 
of efficiency, for the chief part of the heat is still taken in at the I 
temperature of saturation, and its value for conversion into work i 
depends oa the temperature at which it is taken in, not upon the | 
temperature to whioh the working substance is subsequently I 
raised. 

In the diagram, fig. 25, the adiabatic line rs shows by its 
intersection of the curve cf&tt the stage in the expansion at which 
the steam will cease to be superheated. At thb point t it is dry I 
and saturated : as the expansion proceeds it becomes wet, and at i 

the end of expansion the condensed part is -^of the whole. The 1 

extent to which superheating has to bo carried if the steam is ' 
just to be dry, and no more, at the end of expansion, is readily 
found by drawing a vertical line through /to meet the continuation 
of the curve cr. 

87. Values of the Entropy of Water and Steam. In 

applying this useful graphic method to the investigation of par- 
ticular cases in the expansion of steam it is convenient to have an 
entropy-temperature chart for water and steam drawn on section- 
paper throughout the range of pressures which are found in i 
practice: the construction for particular cases is then readily 
made by adding horizontal straight lines to correspond with the 
formation and condensation of the steam, while any adiabatic 
process is represented by a vertical line. 

Such a diagram, carefully drawn to scale, is shown in fig; S6>< 
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The cnrreB extend throaghout the whole range of Table L and 
more than corer the luefal range of {oessare The curve on the 
left marked "water" ahowa the relation of entropy to temperature 
befcwe steam b^na to form; the curve on the right marked 
'steam " shows the same relation when all the water is converted 
into ateam. The horizontal distance between the two carves at 
any point, or ^ — ^, represents the gain of entropy which occors 

while the water ia changing into steam (namely — ). An esten- 

non of the diagram to the left might be drawn, in the form of 
a horizontal line at 32° Fah. to show the change of entropy when 



-=^f/ — T---r-H 


::iig|iiii=i::: :":::: 


f:_±4l:___ :::: 


:i±J::::iii:::Lrii:i:: 


::^^::-=:::--:^:: p:::: 


■:^^e::::=:::::::^::::: 


b= :::"":=::::::^:::: 


i~-7 \-- 


•-^:ii:ii=="::":"^^. 


:-^=#=g===g====4 
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ice melts; but this would have no application to our present 
pnrpoBe. The namerical values of the entropy relate to 1 lb. of 
water or steam and aie reckoned from water at 32° Fah. In 
calculating the entropy of water allowaace has been made for 
the increased spedfio heat of water at high temperatures. The 
i beoi drawn by calculating the entropy of water (^) 
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ftud of steam (if>,) for certain of the points in Table I., from the 
data furnished by Regnault's experiraeats ; the values so calculated 
are givea in Table IL below. A more extended table showing 
the entropy of water and steam at various pressures will be found, 

- along with other properties of steam, in the Appendix. 

Tablb U. Entropy of Water and Steam. 



Temperfttore. 






EaUofj. 1 






Prawote. 
lbB.periq.ui. 
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WKUf. 


BtCMO. 














32 


493 


0-085 


2-215 





2-215 


98 


5S6 


0806 


1-885 


0-121 


3 006 


IM 


610 


362 


1656 


0-214 


1-870 


212 


673 


14-70 


1-436 


0-312 


1-748 


257 


718 


33-71 


1-301 


0-378 


1-679 


302 


763 


69-21 


1-182 


0-440 


1-622 


347 


808 


129-8 


H)76 


0-499 


1575 


392 


853 


225-9 


0-981 


0-554 


1-535 


428 


889 


3363 


0-912 


0-598 


1-510 



From this diagram and from the knowledge of the relation of 
pr^sure to volume in saturated steam which is furnished by the 
table in the Appendix, it is easy to determine what proportion of 
water will be present at any stage in adiabatic expansion or 
compression, and hence to draw the ordinary indicator diagram or 
pressure-volume curve for an adiabatic process. Thus let BCD. 
fig. 27, be a portion of the pressure-volume curve for saturated 
steam. To draw the adiabatic curve from any assigned point B, 
refer to the table to find the temperature which corresponds to the 
assigned pressure at B, and draw a horizontal line ob at that 
temperature in the entropy diagram (fig. 26). If the steam is 
assumed to be dry at B, draw a vertical line b& through b. 
Taking any lower pressure draw the horizontal line NG in the 
pressure-volume diagram (fig, 27), refer to the table for the corre- 
sponding temperature, and then draw the line pc for that tempera- 

Take a point C in JVCCUc. .-., <.uv,u »..<.. -tftt 

(sensibly) a point on the adiabatic curve. The same construction ia 
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to be repeated to find as many points as are sufficient to let the 
Goire be drawn. If the steam is wet to begin with, the initial volume 
of lib. will have some value ME less than MB and the curve of 
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Fio. 97. Pressnze-Tolame onrves in adiabatio expansion. 

adiabatic expression starts from E. It is found in that case by 

TLfJP 

taking e in fig. 26 so that -? *= tfu (^^^ initial dryness), drawing 

the vertical etf", and takine C" in fie. 27 so that -^hvt =^— , this 

' ° ° NG pc 

ntio being the dryness after adiabatic expansion has brought the 

pressure of the mixture down to the level of pressure NC; C" is 

then a point in the required curve. The curve ECU' has been 

sketched in this way to show the adiabatic expansion of steam 

containing 25 per cent, of moisture to begin with. 

In the example sketched the pressure at if is 70 lbs. per 
square inch, and at JV it is 25 lbs. per square inch. The lines 6b 
and pc are drawn in fig. 26 at the corresponding levels of tempera- 
ture. 

Not the least merit of the entropy-temperature diagram as a 
means of representing graphically the cycle of operations in a 
heat-engine is that it shows the heat taken in and the heat 
rejected, as well as the work done, and so allows estimates of 
eflSdency to be made by inspection of the diagram itself. The 
advantage, for instance, which results from raising the initial 
pressure of the steam is readily 8ho\vn in a diagram such as fig. 23 
by dnwing horizontal lines at temperatures corresponding to the 

8—2 
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initial pressures which are to be compared, aud vertical lioes 
through the points where they meet the entropy curve of aata- 
rated steam (cf), the vertical linea being continued to meet the 
base, which is the absolute zero of temperature. Comparison of 
the enclosed areas then shows that while the heat taken in is but 
alightly increased with higher boiler pressure there is a more 
considerable gain of work, a result which is of course to be 
expected from the fact that the general temperature of reception , 
of the heat is raised. 

If a vertical line such as ec" in iig. S6 be drawn to represent: 
the adiabatic expansion of a mixture of steam and water, it is 
clear from the diagram that when e is chosen at less than a certain 
distance from o, that is to say, when there is a certain degree of 
initial wetness, the mixture will become drier as it begins to 
expand, instead of wetter as is the case when the initial proportion 
of water is less. In the region of ordinaiy working pressures the 
" water " and " steam " curves of fig. 26 have nearly equal inclina- 
tions to the vertical line which represents an adiabatic process. 
Hence if such a line be drawn starting from a point midway 
between the two curves it will continue to lie nearly midway 
between them: in other words, if there is about 50 per cent, of 
water present at the beginning of adiabatic expansion, nearly the 
same percentage will be found as the expansion goes on. When 
the steam is much wetter than this to begin with, adiabatic 
expansion makes it drier. 

It will be shown later that the entropy-temperature digram 
IB also of service in exhibiting the changes of dryness which occur 
in real steam-engines, where the action is by no means adiabatic 

88. Entropy-temperature diagram for Steam used ITon- . 
expanaively. By way of contrast with the cases treated in 
^ 85 and 86, we may draw the entropy- temperature diagram for 



Fio. 28. Ed trop;- temperature dl&gnm of Stesjn csed Non.eipauuTely. 
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a steom-eDgine working without expftnsioa The foar steps of the 
cycle have been stated in § 69, and the rolume-pros8iire diagram 
is drawn there (fig. 15). In the entropy- temperature diagram 
(fig. 28) we have the four corresponding lines ab, be, cd, da. ah la 
the beating of the water from tj to t,. 6c is the conversion of the 
water into steam, cd the partial condensation which takes place 
whea the cold body is applied, the piston meanwhile remaining at 
the «id of itB forward stroke, and da is the remainder of the 
oondensation, which occurs while the piston is pressed in, the cold 
body being still applied, cd is a line of constant volume, for 
throughout the change which it represents the substance remains 
in the cylinder and ther& is no movement of the piston. To find 
points in cd, draw the saturation curve c/ as in former examples 
and at any temperature t intermediate between t, and t, draw the 

fe „i._ti 



ik 



line Ui. We have to divide Ih in a point e such that 

represent q, the dryness of the steam at the time its temperature 

&]len to T, The dryness q is determined by the consideratioa 

that qVia sensibly ec[ual to V^, where Fis the volume of 1 lb. of 

saturated steam at t and V, is the volume originally occupied by 

1 lb. before the process of condensation began. Throughout the 

operation od the volume of the substance remains unchanged and 

V 
equal to V,. Hence j = -r^ , and e is found by making 

The work which is lost through the absence of adiabatio 
expansion is the area cgd. In the example sketched the initial 
preamre is ISO lbs. per sq. inch, and the pressure during the 
retam stroke da or the "' back pressure " is 3 lbs. per square inch. 
la other words, t, is taken as 834 and t, as G03. 

89> Zncomplete ezpaniion. The case of incomplete expan- 
sion admits of similar treatment. Let adiabatic expansion be 
carried on until, at the end of the stroke, the temperature has 
&])en to the level indicated by c' in the entropy- temperature 
diagram, fig. 29. This process is represented by the line a/. 
Then let the steam be suddenly cooled by applying the cold body. 
The constant -volume curve c'd shows this cooling ; after which the 
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return stroke takes place, which is shown by da. To draw the 
curve c'd take e at any level, such that 



where V is the volume of 1 lb, of saturated steam at the temponr 
ture corresponding to c', and q' is the dryness at c', which is equal 




Tia. SO. EDtropj-tempentnre diagrus ahoTing inoomplets expansion of Steam. 

In the example sketched in fig. 29 the presaure is reduced by 
adiabatic expansion in the operation cc' from 180 to 20 lbs. per 
square inch, and the back pressure is 3 lbs. per square inch as in 
fig. 28. 

In dealing with the process of sudden condensation represented 
by the line cd in fig. 28 and c'd in fig. 29 we have supposed, to 
simplify the statement, that the steam is retained in the cylinder 
and the cold body is applied to it. But it makes no difference if 
the steam be allowed to escape into a separate vessel, to be 
condensed there. Just the same amount of work is done, for the 
pressure on the piston is the same in that case as in the other. 
Hence the area of the entropy -temperature diagram is unaffected, 
and since that is true whatever be the value of t, the form of the 
curve cd or c'd is unchanged'. 

90. The Total Heat of Superheated Steam. Reference 
was made in § C3 to Rankine's method of calculating the total 



> The ooUHlant. volume curve ed or e'd iu the entropj- temperature diagram 
maf be more convenientl; drana ae ToUowb b? an application of equation (S) of 
I 76. Let n represent the volume of the mixture of steam and nater at anj stage 
in the prooesa of condeosation, the temperature then being r. Let \ repreBent the 
beat whiob would be given out if the ooDdenaatioa of the mixture nere completed 
at the temperature t. Then b; that equation 



n-»=- 



J\ dr 
di" 



4 
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hcAt of very highly superheated steam, or " ateam-gas," by the 
rormnla 

if' = 1092 + 0-48(t'-32). 
This formula ia arrived at as follows. It is taken as established 
by the experimeDts of Regnault that if the pressure of a vapour 
ia low it behaves like a perfect gas &om the first, when it is 
being superheated. Thus water vapour at 32° F. wheo super- 
heated under constant pressure is taken as having a constant 
speci6c heat, of the value 0'48. Hence the total heat of super- 
heated steam when made by evaporating water at 32° F. and then 
nipeiheating it at constant pressure to any temperature t' will be 
that given by the above formula, for 1092 is simply the total heat 
of the vapour at 32° F. Now suppose i' is very high. The steam 
will then continue to behave like a perfect gas when its pressure 
is changed. Suppose the pressure to be increased isothermally 
ftom the first value to any other value ; we have to prove that the 
total heat is not changed by this process. In other words that, 
provided the temperature is high enough to make steam act like a 
perfect gas, the total beat ia independent of the pressure. If this 
be 90 it is clear that the expression for R' applicable to steam-gas 
at the low pressure which corresponds to saturation at 32° will also 
be applicable to steam-gas at any other pressure, when (' is the 
same in both cases. To prove that the total heat of steam-gas is 
independent of the pressure we consider an imaginary cycle in 
which the pressure is varied from any value p, to any other value 

■ biisg the Tolnme vbeo the aabgtiuioe is iJl water. Hence 
\_ V-a dP 
T 3 At' 

Bat - i« the leneCli ^ ^ the line U be drawn at the level r, and tJ is the voltune of 
ihMjUudtT, which is ooiutuit. We therefore have 

-If. 

t relation which rJIowb It at any lerel of temperature lo be readily determined 
■bn the valnea of for Mturatcd atcam ore known. Tbese may be foniid by 

Manuement ol the slope of the preasnre-teinpeisture curve, or approiimately from 
IB ta ble of P and t in the Appeuilii by dividing small differences of preesure by 
^ diSereuceB of temperature. 

wribed in the text of drawing the constBat-Tolum« 
itBl in the eecond edition of his Treatise on the Sleam-Enffln*,^ 
The examples aketohed here (£gB. 28 and 20} are drawn to scats. 
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jit while the temper&tore i dsxs not ^lao^ First, let eteam be 
formed at any prtssure p, and superheated to the temperature (' 
(abeolute t'), which i^ assamed to be so high that the steam is 
then sensibly a perfect gas, however great be the preasure. Call 
Hi the total heat taken in during this operation, and v the 
volume of the superheated steam. The work done in producing 
the steam in this condition is p,r, (neglecting the small initial 
Tolnme of the vater). Then let the steam expand iaothermally 
(still remaining very highly superheated) to some other volume v, 
and pressure p,. During this expansion it acts, by assomptiwi. 
like a perfect gas ; hence j>ie, = p^, and heat is taken in equal to 
Uie work done, namely, 

fAv or er, log,-. 
*x "i 

rNext suppose the steam to be condensed nnder the constant 
pressure p,. It gives out a quantity of heat B^ which is the total 
heat of superheated steam at temperature (' when formed under 
constant pressure p,, and this is to be proved equal to R\- 
During this condensation work is spent on the steam, to the 
amount p,t,. The cycle is completed by raising the pressure of 
the condensed water from p^ to p,. ^ow taking the cycle u a 
whole, since 
Heat taken in \ work spent on the gas = heat given out 

+ work done by the gas, 

i7,' + CT log. - + p,r, = R^ + p,r, + ct' log, - 

p,ij,=p,v,. 

i hence H( = Hi. 

lat is to say. the total heat of steam-gas is the e 

} temperature, under whatever pressure the steam has been 

«l, anJ therefore also whether the pressure during formation 

B been constant or not. Hence Raukine's formula ought to be 

iplicable when the amount of superheating is very great, pro- 

ided the experimental basis is correct that saturated steam at 

r F. is virtually a perfect gas, and provided the constants ara 

At such pressures, however, aa are met with in steam-engine 

t would be necessary to carry superheating much further 

't is actually carried in order to make the steam behave like 
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a perfect gas. Heace Rankine's formula is seldom, if ever, ap- 
plicabl« as a means of fiiidiiig tbe total heat In ordinary casea 
the value given by it would be unduly great. 

Aaan illustration, take the case of steam saturated at 212" F 
and superheated under constant pressure through 108° to 320° F. 
If tUe above formula were then applicable. H' would be 1230'2. 
In the saturated state H is 11466. Hence the heat taken in 
during superheating would, on this reckoning, be 836 thermal 
onits, or on the average 077 units per degree, a quantity much 
greater than the commonly accepted constant 048. In such a 
case Bankiue's formula no doubt largely over-estimates the total 
heat If the superheating were carried further, say to 572° F., 
the average amount of heat required in the 360° of superheating 
would be 057 units per degree, if Kankine's H' were then a 
correct measure of the total heat. But his formula is not strictly 
applicable even then, and if we were dealing with steam of higher 
preaaare it would be still less applicable. On the other hand, the 
usual assumption that the specific heat may be taken as constant 
in the superheating of high-pressure steam is probably erroneous, 
■od it may be expected that experiment will show the first stage of 
saperheatiitg to require more heat per degree than the later stages*. 

91. Bntrop7 diagram for engine working with steam 
•atorated throughout expaniton. This case has been men- 
tioned in § 72 as the limiting case in a jacketed cnginu, when the 
jacket keeps the steam wholly dry during expansion. The entropy 
diagram is then the figure ahcf (fig. 23), assuming tbe expansion 
to be complete. Tbe saturation curve cf represents the process of 
expansion, and the area pcfq is the heat supplied by the jacket, Hj. 
Tbe work done W is readily calculated from the area of the 
diagrani, the width of which at any height is - . Hence 

J,, T 

> Od this snbjeet reference ihould be made to a p&per by PiofeSBOr Oibome 
BiToaldi, "On metbodi of detemmiiiig the drjuesB of steam and tbe coodillou of 
MWB-^ii," Ptoc. o/ lAe Manthriter Phil. Soc. Not. 1806. See also Ewiog and 
Donkorie;. "On tha ■peciBo hatt ol sQperheated Blram," Sep. BHl. Aiioe. 1897. It 
BMj be added that Begoanlt'a eipoiimeotB deal onl; with diflerenaea Id tbe total 
beat of ateain ttui U nmoh and little gupaiheated and do oot abow what ia the 
ip*eiSa hekt foi nuall amouult of BuperheatLng, bvbu in the oaae of low.praaaitre 
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Tb int^nte this we may express £ (as in § 59, E^. 7) in the form 
i = o — fcr. 



Jr. '■ 



-dT = a log. - — 6 (ti - T,). 



When British thermal units are used a is 143T and 6 is 0-7. Thii 
expression for W may be compared with the one given in § 72, 
Wid will be found to give the same values. 

To find the heat supplied by the jacket, Hj, we have 
Total heat received = Zi + A, - A, + J?/, 
Heat rejected = L,. 



Hence 



pThe efficiency is 



= alog,^^-(Ai-AO. 

[Iog.^-6(T,-T,) 



As a numerical example, to be compared with the example « 
adiabatic expansion given in § 79, suppose Ti to be 82i (pressure 
160 lbs.) and t, to be 521 (condensation at 60° F.). Then, in 

thermal units, a log.- is 659, Bj is 353 and W is 447. The total 

hc«t taken in during the cycle is 1517 units, and the efficiency is 
0'S95, or about nine per cent. less than the efficiency in the 
oormsponding cycle with adiabatic expansion. The reduced effici- 
«ncy is of course due to the fact that the heat supplied by the 
>Mi:<rt reaches the working steam when its temperature has fallen 
>v\^« the top of the range. 

tt Kntropy-temperature diagrami In engine* luing a 
^ifMMrmtfM'. An engine such as Stirling's, which substitutes 
i1k- new ot a rtigenerator for the adiabatic expansion and compres- 
i ill Climot'a cycle, has an entropy diagram of the type shown 
. Tho isothermal operation of taking in heat at t, is 
MbiMUtvd byab; bo is the cooling of the substance from T| to 
it» )Nu>»»gu through the regenerator, where it deposits heat: 
j< itiv iiMtheraial rejection of heat at t,; and da Is the 
^A4lt<,iu yf heat by the regenerator while the 
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puna thnm^ it in the opposite direction, by which the tem- 

poature a niaed from r, to r,. Assum- 

ii^ tiie action of the regenerator to be 

ideaO; perfect, be and ad are precisely 

rimilar carves whatever be their form. 

Hm area of the figure is then equal to 

the area of the rectangle which would 

lepreaont the ordinaiy Camot cycle (fig. 

!2)b The equal areas pbcq and ndam 

measore the heat stored and restored by 

the regenerator. 

When the working substance is air 
and the regenerative changes take place 
either under constant volume, as in Stir- 
liag's engine, <ff under constant pressure, 
aa in Ericeeon's, so that the specific heat K is constant, ad and 
be an logarithmic curves with the equation 

K being K, in one case and K, in the other. 

98. Joule's JUr*Zngln«. A type of air-engine was pro- 
posed by Joule which, for several reasons, possesses much interest. 



Fkj. so. Enbopjr-tonpen- 
tore diagram of pwfect 
engiae oaing a Mgene- 




Via. SI. Jonle'i piopoaed Air-Eogliie. 

imagine a chamber C (fig. 31) fiill of air (temperature t,), which is 
kept oold 1^ circnlating water or otherwise; another chamber 
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A heated by a furnace and fall of hot air in a state of oompreHBon 
(temperature Ti) ; a compressing cylinder M by which air may ta 
pumped from C into A, and a working cylinder N in whidi lir 
from A may be allowed to expand before passing back into tlib 
cold chamber C. We shall suppose the chambers A and (7 to be 
large, in comparison with the volume of air that passes in eacli 
stroke, so that the pressure in each of them may be taken u 
sensibly constant. The pump M takes in air from C, compresses 
it adiabatically until its pressure becomes equal to the pressare in 
A, and then, the valve v being opened, delivers it into A, The 
indicator diagram for this action on the part of the pump is the 
diagram /(foa in fig. 32. While this is going on, the same quantity 
of hot air from A is admitted to the cylinder JV, the valve i£ is thffl 
closed, and the air is allowed to expand adiabatically in N nntQ 
its pressure falls to the pressure in the cold chamber C. Dniing 
the back stroke of N this air is discharged into (7. The operatioa 
of iV is shown by the indicator diagram ebcf in fig. 32. The ares 




Fio. 32. Indicator diagram in Joule's Air-Eogine. 

fdae measures the work spent in driving the pump; the area ebcf 
is the work done by the air in the working cylinder N. The 
difference, namely, the area abed, is the net amount of work 
obtained by carrying the given quantity of air through a complete 
cycle. Heat is taken in when the air has its temperature raised 
on entering the hot chamber A. Since this happens at a pressure 
which is sensibly constant, 

Qa = Kp (t6 - Ta), 

where t^ is t,, the temperature of A, and t^ is the temperature 
reached by adiabatic compression in the pump. Similarly, the 
heat rejected 
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vheve T^sTt, the temperature of C, and r^ is the temperatare 
xeached by adiabatic expansion in N. Since the expansion and 
eompressioii both take place between the same terminal pressures, 
the ratio of expansion and compression is the same. Calling it r, 
nehave 



(§ 39), and hence also 








ifT^ 
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and the efficiency 
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Q^ - Qc _ Tg - Td ^ Tft - Tfl 
Q^ Ta T> 

This is less than the efficiency of a perfect engine working 
between the same limits of temperature [ ^) because the heat 

IB not taken in and rejected at the extreme temperatures. 

The atmosphere may take the place of the chamber C: that is 
to say, instead of having a cold chamber, with circulating water to 
absorb the rejected heat, the engine may draw a fresh supply at 
each stroke from the atmosphere and discharge into the atmosphere 
the air which has been expanded adiabatically in N. 

The entropy-temperature diagram for this cycle is drawn 
in fig. 33, where the letters refer to the same 
stages as in fig. 32. After adiabatic compression 
(to, the air is heated in the hot chamber A 
aod the cui*ve ab for this process has the 
equation 

Jrm T 

Then adiabatic expansion gives the line bo, 
and od is another logarithmic curve for the re- 
jection of heat to (7 by cooling under constant 



presBore. The ratio — which is represented by 

T^ 




ma 



Fio. 83. Entropy- 
temperature dia- 
gram in Joule's 
Air-Engine. 



2 in fig. 32 and by — r in fig. 33, shows the 

proportion which the volume of the pump M must bear to the 
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volume of the working cylinder N. The need of & large pomp 
would be a serious drawback in practice, for it would not only 
make the engine bulky but would cause a relatively large part of 
the net indicated work to be expended in overcoming fiiction 
within the engine itself. 

In the original conception of this engine by Joule it was 
intended that the heat should reach the working air through the 
walls of the hot chamber, from an external source. But instead 
of this we may have combustion of fuel going on within the hot 
chamber itself, the combustion being kept up by the supply of 
fresh air which comes in through the compressing pump, and, of 
courae, by supplying fuel either in a solid form from time to time 
through a hopper, or in a gaseous or liquid form. In other words, 
the engine may take the form of an internal combustion engine. 
Internal combustion engines, essentially of the Joule type, em- 
ploying solid fuel have been used on a small scale, but by iar 
the most important development of this t^'pe is the explosive 
gaa-engine, Its cycle is substantially Joule's, considerably 
modified, however, by features which will be noticed in a later 
chapter. 

This, however, is not the only reason why Joule's cycle is now ^ 
interesting. In modem practice it has found application in the 
reversed form. Refrigerating machines in which air is the work- 
ing substance are extensively used to keep the temperature of 
rooms on board ship below the freezing point, to allow frozen 
meat to be carried over seas, and such machines work, as we 
shall see immediately, by reversing the cycle suggested by 
Joule, 

94. Reversal of the cycle In heat>en^nes ; Refrige- 
rating Machines or Heat-Pumps. By a relrigerating machine 

or heat-pump is me.iiit a machine which will carry heat from a 
cold to a hotter body. This, as the second law of thermo-dynamics 
asserts, cannot be done by a self-acting process, but it can be done 
by the expenditure of mechanical work. Any he«t-engine will 
serve as a heat-pump if it be forced to trace its indicator diagram 
backwards, so that the area of the diagram represents work 
spent on, instead of done by, the working substance. Heat ia 
then taken in from the cold body and heat is rejected to the 
hot body. 
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Take for inst&nce the Caraot cycle, uemg air as working 
ralatanoe (fig, 34). and let the cycle 
be performed in the order dcba, so 
that the area of the diagram is nega- 
live, and represents work spent upon 
the mat^hine. In stage dc, which ia iso- 
Itiernial expansion in contact with the 
cold body C, the gas takes in a quan- 
tilj of heat from C equal to ct, log, r 
(5 40), and in stage ba it gives out 
to the hott«r body A a quantity of 
heat en^ual to or, log, r. There is no Fio, w. 

tmnsfer of heat in stages cb and ad. 

Thus C, the cold body, is constantly being drawn upon for heat 
nd can therefore be maintained at a temperature lower than its 
nrroD&dings. Suppose that such a machine were to be applied 
to the making of ice, then C might conaat of a coil of pipe 
immersed in brine. The brine coiild in this way be kept by the 
aclion of the machine at a temperature below 32° F., and be used, 
in its ttim, to extract heat by conduction from the water which is 
to be frozen. The " cooler" A, which is the relatively hot body, is 
hpt &t as low a temperature as possible by means of circulating 
water, which absorbs the heat rejected to A by the working 
vr. This is substantially the process which is used in actual 
ic*-nwking machines, except that the cycle of operations ia not 
« reverstid Camot cycle, but more nearly a revelled Claudus 
gde, and the working substance is a vaporisable liquid in- 
Btdtd of air. 

A machine using air aa working substance and following 
Cunol's cycle would be exceedingly bulky. Its size would be 
emsiderably reduced if a regenerator, as in Stirling's engine, 
»ere resorted to in place of the two adiabatic stages of the Camot 
cycle. Refrigerating machines of this kind, using air as 
*Drldi^ substance, with a regenerator, were introduced by 
Dr A. C. Kirk and were at one time considerably used'. The 
Vorkttig air was completely enclosed, which allowed it to be in 
A compreaeed state throughout, so that even its lowest pressure 

■ 8w Kirk, On the UeebaiiieBl Production of Odd, Min. Froe. Imt. C. E. To 
■Btn., 1874. AIM LMtmea on He&t sad ita MeahAtuca] Applicatiou, Itut. C. i 
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was much above that of the atmosphere. This made a greater 
masa of air pEiss through the cycle in each revolution of tbe 
machine, and hence increased the performaoce of a machine ct 
given size. 

This type of refrigerating machine has not eurvived, and Uiow 
machines which now use air as working substance follow the 
reversed Joule cycle as described below in § 97. 

95. Vapoar Compreation Refkigeratlng Maohlneg. In 

moat modem refrigerating machines, however, the working sub- 
stance, instead of being air, consists of a liquid and its vapour, and 
the action proceeds by alternate evaporation und,er a low pressure 
and condensation under a relatively high pressure. A liquid must 
be chosen which evaporates at the lower extreme of temperature 
under a pressure which is not so low as to- make the bulk of tbe 
engine excessive. Sulphuric ether was one of the earliest liquids 
to be used in this way, but ether machines were inconveniently 
bulky and could not be used to produce intense cold, for the 
pressure of that vapour is only about 13 lbs. per square inch at 
4° F. and to make it evapomte at any temperature nearly as low 
BB this would require the cylinder to be excessively large in 
proportion to the performance. This would not only make the 
machine clumsy and costly but would involve much waste of 
power in mechanical friction- The tendency of the air outside to 
leak into the machine is another practical abjection to the use of 
BO low a pressure. The liquids now used are carbonic odd, 
ammonia, and sulphurous acid. Of these ammonia is the most 
common. With ammonia it is easy to reach as low a limit of 
temperature as is required in any of the usual industrial applica- 
tions of cold : the pressures are fairly but not excessively high, 
and the apparatus is compact. 

Engines of this type are usually arranged to act as follows, Ja 
a cycle which is almost exactly the reverse of the Clausius cycla 
(§ 79). The organs, which are shown diagrammatical I y in fig. 35, 
are (1) a compressing cylinder, (2) a cold body C which serves as 
boiler for the volatile working duid and allows heat to pass into 
the working fluid from the water or other substance that is to bo 
made cold, and (3) a cooler A such as a coil of pipe surrounded by 
circulating water, in which the working fluid is condensed under 
pressure, The steps of tbe cycle are shown by the indicator 
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fitgmm in the same figure ; dc ia the forward stroke, during which 
tlie cylinder is taking in vapour from C at the uniforai pressure 
toireepondiug to the lower limit of temperature Tj. Compression 
of the vapour occurs during cb, which ia the first part of the back 
rtrokc, and during which the valves leading to both chambers are 
dtnt. This continue.') till the pressure in the cylinder becomeB 
opal to the pressure in A. 

^^^^pit, the commuDication with A is opened and the back 
BoCe is completed, the working substance passing into A and 
hoDg condensed there (ba). 

To complete the cycle, the same quantity of the substance 
it allowed to pass through the valve v directly from j1 to C (ad). 

This last step in the process is not reversible, but it is a simpler 
*8y of completing the cycle than to complete it reversibly by 
letting the fluid do work in an expansion cylinder in passing from 
i to C, and the amount of work which would be saved if that 
irere done is inconsiderable. 

The operation of such machines may be represented by an 
entropy-temperature diagram like that of fig. 25, taking the lines 
in the reverse of the former order. If the evaporation were 
complete, a line such as of in that figure would represent the 
process of evaporation, during which heat is being taken in from 
the body to be cooled. More generally however evaporation is 
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I incomplete; what is taken into the cylinder and compressed isn 
I mixture of vapour with some of the unevaporated liquid. This 
I reduces the superheating which compression would otherwise 
I cause, and may even prevent superheating entirely, provided 
enough liquid he present in the mixture. Thus, in fig. 23, if ad 
represents the incomplete evaporation of the mixture which is 
taken into the cylinder, the adiabatic process of compression tie 
will bring the substance to a dry saturated state. On the other 
I hand, if the original condition of the mixture is represented by as, 
I adiabatic compression will superheat it to some extent, though 
not so much as if the evaporation had been complete before com- 
pression. In Dr Liodo's form of ammonia compression machinee 
superheaLing is prevented by using a wet mixture. The entropy 
diagram of the process is- substantially like ad<A of fig. 25. In 
other ammonia machines superheating occurs, and in some iti 
effects are reduced by using a water-jacket to cool the cylinder. 
Taking a cycle such as adcb of fig. 2S. drawn for the particular 
' substance and the particular temperatures used, it will be seen that 
' the area uuder ad is the gross amount of heat taken up during 
evaporation of the working substance: but in passing from the 
condenser A to the refrigerator C the substance conveys with it 
J amount of heat equal to the area under the line ba. The net 
amount of refrigeration is the first of these areas minus the second 
A substance in which the latent heat of the vapour is large com- 
pared with the specific heat of the liquid will cause the net 
refrigerating effect to approximate to the gross effect: in other 
words, in such a substance the reversed Clausius cycle will not 
differ much iirom the Caniot cycle which would correspond to the 
ideally efficient refrigerating process. Ammonia is from this point 
of view the most efficient of the substances which are now used in 
refrigerating machines. With carbonic acid, especially when the 
upper temperature approaches the critical point of the gas, the 
area under ba forms a relatively large deduction from the gross 
refrigerating effect. 



J 6. Coefficient of Performance 
Machine!. The ratio 



of Refl-igeraUsK 1 



Heat extracted from the cold body 
Work expended 
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[ay be taken as a coefficient of performance in estimating the 
lerit of a refrigerating machine from the thermodynamic point of 
iew. When the limits of temperature t, and t, are assigned it is 
Kj to fihow by a slight variation of the argument used in g 45 
hat no refrigerating machine can have a higher coefficient of 
(erfiirmance than one which is reversible in Camot's sensa For 

a refrigerating macbioe iS be driven by another R which ia 
nvetsible and ia used as a heat-engine in driving S. Then if S 

m higher coefficient of performance than if it would take from 

cold body mote heat than M (working reversed) rejects to the 
oold body, and hence the double machine, though purely self- 
icting, would go on extracting heat from the cold body in violation 
of the Second Law. Reversibility, then, is the test of perfection 
in B refrigerating machine just as it is in a heat-engine. 

When a reversible refrigerating machine takes in all its haat, 

nunely Q^, at r, and rejects all. namely Qj, at t„ — = — and the 
coefficient of performance 

Qo Qc , T, 

Hence — and the inference is highly important in practice — the 
m&ller the range of temperature is the better. To cool a large mass 
rf any substance through a few degrees will require much less ex- 
penditure of energy than to cool one-tenth of the mass through ten 
times as many degrees, though the amount of heat extracted is the 
lune in both cases. If we wish to cool a large quantity, say of water 
orof lur, it is better to do it by the direct action of a refi-igerating 
ngioe working through the desired range of temperature, than to 
cool a portion through a wider range and then let this mix with 
liie reat This is only another instance of a wide general principle, 
oTihich we have had examples before, that any mixture or contact 
oTnibstances at different temperatures is thermodynamically waste- 
H because the interchange of heat between them ia irreversible. 
An ice-making machine, for example, should have for its lower 
limit a temperature only so much lower thao 32° F. as will allow 
heat to be conducted with sufBcient rapidity to the working fluid 
bom the water that is to be frozen. 

97. Ravened Joule Engine : the BeU-Coleman Re- 
ftiferatlng Hacbine. This machine was briefly mentioned in 
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( u one which has been, and still is, largely employed to- 
tCarn A cold atmosphere in the frozen-tiieat chambera of ocean 
i^Ups. It acts by drawing in a small portion of the air of the 
ahet, compressing that and extracting as far as possible by 
■B of a cooler the heat developed by compre^ion, then 
[ the air until its pressure falls to that of the chamber. 
tte toakpemture ia thch lower than the temperature of the 
r in consequenco of the removal of heat which took place 
t it Tts compressed. The air thus chilled by expansion is 
I to the chamber, and in this way the temperature oT 
At dnunber is kept down notwithstanding the heat which reaches 
ik hjr conduction from outside. The chamber has a thick lining 
«t |aorij conducting matter in order to reduce as far as may be 
tke work which has to be spent on refrigeration. 

Tbe sketch, &g. 36, shows the organs diagrammaticaUy. C is 




7to. SO. Orgtns or the Bell-Colcmkii Hetrigeniiog Mubine. 

I rf tbe cold chamber, which is at or about atmospheric pres- 
^ J is the cooler, a set of pipes with circulating water. 
MUD takes place in ^f and expansion in N. M takes in 
K ./ as tiMBperature t, during its out-stroke, and compresses 
BDC i>K ^ ''^ in-stroke till the pressure becomes equal V> 
iau« in A. These two operations are represented by ihc 
^c* ta ■be' indicator diagram, fig. 37. The compression 
Aof mising the temperature of the air above that 
f wbeathe pump delivers the compressed air 
r it» return stroke (&c), which is the next 
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operation, the temperature of the air &Ma and a quantity of heat 
is rejected to A, namely 

vh^re Ti is the temperature reached by compressing, and Ta is Ti 
the temperature of A. While this is going on, the cylinder N 
tikes an equal quantity of air from A at Ti or Ta, and expands it 
to the pressure of C: these operation9 are shown by the lines ea 




Fio. 87. 

and ad in the indicator diagram. At the end of this expansion 
the temperature r^ is lower than that of the cold chamber. 
Finally the chilled air is discharged into C during the return 
stroke of JV, which is shown by the line df in the indicator 
diagram. The net amount of work expended is bade, fcbe being 
the mdicator diagram of work spent upon the pump M and eadf 
being the diagram of work recovered in the expansion cylinder -flT. 
The net amount of heat taken from the cold chamber is Kp {tq — t^). 
Assuming the processes cb and ad to be adiabatic, the ratio of 
expansion in i\r is equal to the ratio of compression in M, and 

hence ~= — ,as we have already seen in treating of the Joule 
Cjfcle (§ 93) of which this is simply a reversal. Also ^ = ~ and 
the ooeflScieut of performance ^ f t = — ~ — » ^ value less than 

'-^— for the same reason that Joule's engine is le^is efficient than 

Camot's. 

In practice the compression in Jlf is not adiabatic : by using a 
water-jacket, or by injecting water into the cylinder itself, the 
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compreBstoD may be made to follow a curve which lies between an 
adiabatic and an isothermal line. This has the therm ody nam ic 
advantage that some heat is extracted at a lower tempemture 
than would be the case if compression were completed before the 
action of the cooler began. Or, to take another point of view, the 
net expenditure of work is reduced, since the compression curve 
from c rises less steeply than the adiabatic line cb. 

A difficulty attending the use of machines of this type aiisea 
from the fact that the working substance is not dry air. It ' 
contains water-vapour in solution, as all air does except when 
specially dried, and when the temperature falls this tends to be 
condensed and even frozen. Difficulty has therefore in some cases 
been experienced from the clogging of valves and passages by snow 
or hoar-frost deposited by the working air. The air is generally 
saturated when it is cooled after compression (at the point a in 
the diagram), even when no injection-water is used to assist the 
cooling. It was to meet this objection that Mr Light foot 
introduced a form of the machine, in which the expansion was 
performed in two stages by means of a compound pair of 
expansion cylinders. In the first the temperature of the air 
was reduced to only about 35° F, At this temperature the ' 
greater part of the water-vapour was deposited as water, which 
was drained away, and the air then went on to the second 
cylinder, where it completed its expansion with very little 
further deposit of water. In Mr Coleman's form of the machine 
the compressed air after giving up heat through tubes to water 
in the ordinary cooler, is further cooled by passing through 
pipes which are exposed to the action of chilled air from the 
chamber, and is thus forced to give up its suspended moisture 
before it is allowed to expand'. This arrangement of "drying 
pipes" is still employed by Messrs Hoslam in their constmcbion 
of the Coleman apparatus, but other makers of air- refrigerating 
machines are now content with a mechanical separation of the air 
from any water which has been deposited in the cooling which, 
precedes admission to the expansion cylinder. Provided the air" 

' For particiilarB of the coQBtrnatioQ anil performance of these mBcbineB k^ 
Coleman, Ifin. Proc. /iwl. C. £. Vol, litiii., 1882, p. 146; Lighlfoot, i'nx. iiuC— 
ileeh. Eng. 18S1, p. 105, and 1BS6. p. SOI. For a disonssion of ReCrigeratinf 
raaohinei generall;, see the Author's Howard Lectures on the Meolianical Prodaotio'^ 
or Cold, Jvitr, SMielg of Arli, 1807 ; also the papers of Dr Eiik referred to above. 
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eitering that cylinder ia merely saturated and does not carry witK 
a water in a state of mechanical suspension the depoait of snow 
is DOt BO great as to be seriously troublesome. , 

The actual coefficient of performance of a machine of this I 
cias is much less than that of a machine using for working i 
tabitaoce a vaporisable liquid such as ammonia. This is partly 
due to the relatively great waste of power, through frictioD, in air 
machines, and partly due to the practical necessity of using, in 
them, a much wider range of temperature than the range through 
which refrigeration is to be carried on. To keep the dimensions 
of the machine within reasonable bounds, the air is cooled by 
eipaaaion to a temperature much lower than that of the cold 
chamber, and is heated by compression to a temperature consider- 
ably higher than that of the cooling water. When the working 
labstauce is a liquid which is being alternately vaporised and 
condensed the heat is much more easily got into and out of it. 
The efficiency of a vapour machine can be made to approach more 
dosely to the ideal of a perfect refrigerator, and the coefficient of 
peforraance of a machine using ammonia is found in practice to 
be about five times that of an air machine, 

98. The Serersed Heat-Eogine as a Wanning Ma- 
china; It vas pointed out by Lord Kelvin in 1852 that the 
terereed heat-engine cycle might serve not only aa a means of 
cooling but as a means of warming'. Let it be required for 
iiatauce to raise and keep the temperature ftf a room above the 
temperature of the surrounding air. A machine of the Bell- 
Coleman type may take in air from the atmosphere, expand it 
Mas to lower the temperature somewhat, and allow the tempera- 
ture to rise again by conduction from external air. Then let it 
eompreaa the air so as to restore it to atmospheric pressure. The 
temperature of the air will be thereby raised above the tempera- 
ture of its surroundings, and it may then be discharged into the 
room which is to be warmed. The effect is, that by expending 
some mechanical work a quantity of heat is transferred from the 
ciild atmosphere to the warmer room, — a quantity which may be 
(u greater than the thermal equivalent of the work spent in 
driving the machine. For if the machine were reversible l" 

I. p. 969, or CatUeUd Paptn, ToL fa 
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heat rejected to the room A, namely Q^, would be to the heat 
extracted from the atmosphere, namely Q^, as Ti 13 to t„ and 

Qa_ Qa ^ 

W-Q^-<^^ T.-T. 

■where W is the work expended, expressed in thermal nnita. 
When the range of tempciature is omall Q^ may be many times 
greater than W, that is to say, a very large amount of heating 
through a small range may be achieved with but little expenditure 
of mechanical work. 

The importance of the suggestion lies in the fact that the neces- 
sary power may be obtained, by mean? of a heat-engine, with s 
smaller supply of heat than would be required to eSect the warming 
directly, provided the range of temperature of the warming be leas 
than the range through which the heat-engine works in generating 
the required power. Burning fuel to warm a room by a few 
degrees is a wasteful way to utilise heat, even if all the heat of 
combustion be conceived to pass into the air of the room. The 
high-temperature heat produced in the combustii>n of coal or gas 
could warm a much larger v(^ume of air to the same extent if it 
were applied to drive an efficient heat-engine, which in its turn 
drove a reversed heat-engine or warming machine to pump up 
heat through a short range of temperature from the diffused store 
of heat which is contained in the atmosphere or in the ocean. 
This is because a heat-engine can be arranged to take advantage 
of the higb temperature at which heat is produced in the burning 
of fuel, whereas any direct communication of this high -temperature 
heat to a comparatively cool body, such as the air of a room, is 
1 1] e rm ody nam teal ly ba>h It is interesting, and may some day be 
useful, to recognise that even the most economical of the osual 
methods employed to heat buildings, with all their advantages in 
respect of simplicity and absence of mechanism, are in the thermo- 
dynamic sense spendthrift modes of treating fuel. I 

99. Heat-Enginea employlngr more than one worblnK I 
substance ; Steam and Ether Engines. So far as general 
thermodynamic principles are concerned the choice of workin 
substance either in a heat-engine or a refrigerating machine is | 
indifferent. The same efficiency is given by one substance as by I 
another provided the character and range of the cycle be the s 
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5ut the consideration that the pressure must be neither excessively 
bigh nor excessively low often determines whether one or another 
rorking subetance is to be preferred Vaporisable liquids have the 
idv&ntage over air or any other permanent gas that bent can be 
readily communicated to and extracted from them ; but any 
nich liijuidhasacomparatively limited range of temperature withiu 
which it is practicable for it to work. The efficiency of the steam- 
engine is, as we saw in § 6S, largely conditioned by the fact that 
the npper limit of temperature cannot well exceed or even reach 
400° Fah. This prevents full advantage being taken of the high- 
temperatare heat which is generated in tlie combustion of fuel in 
l>oiler furnaces; andiu this respect an air-engine has thosupeiiority 
that in it a much higher temperature can be reached, since iu a gas 
the connection of pressure with temperature is arbitrary. On the 
other hand a more volatile liquid than water would be even less 
railable for tise at high temperatures, unless indeed a large amount 
of superheating were employed. Going to the other end of the 
i&Dge, it will be seen by reference to the table of pressure aud 
temperature for steam that a steam-engine is not well fitted to take 
foil bcmefit of the low temperature which may be reached when 
tbero is condensing water at hand. A more volatile liquid would 
do this better, because its vapour could be expanded to the 
bottom of the range of temperature without making the pressure 
M inconveniently low. With steam complete expansion would 
benseleas, because in the la»t stages of the expansion the pressure 
wwld barely suffice to move the piston against its own frictional 
roistance ; and therefore the indicated work which would be saved 
'nj comploting the expansion would contribute nothing to the 
output of the engine. 

For this reason it has been proposed to use what is called a 
'Unary" heat-engine, that is. an engine with two working Buids, 
one to work through the upper part of the range, and another — a 
more volatile fluid — to work through the lower part. The leas 
Tolatile fluid, namely water, after being evaporated in a boiler and 
after doing work in its cylinder, is condensed by passing through 
tubes in a vessel containing the more volatile fluid, to which it 
njecte beat. The more volatile fluid is thereby evaporated and 
doet work in another cybnder, after which it is passed into 
tOT&oe-cnD'lenser supplied with cold circulating water. A binai 
using ether as the more volatile fluid waa introduced 
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Du Tretnblay about 1650', and the type has more than once bei 
revived on a small ecale'. 

The same principle of binary action has also been applied 
refrigerating proceaaes when very intense cold is to be produo 
for such purposes as the liquefaction of the permanent gasea. 

100. Transmlulon of Power by Compreued Air. 

briefreferencemaybemadeiu passing to the process, used on a larj 
scale in Paris and elsewhere, of distributing power from centi 
stations by compressing air there and conveying the compreasi 
air through pipes to the places where it is to be used in drivii 
engines, which are generally of the piston and cylinder type. 

Imagine the compression to be performed exceedingly slowl 
in a conducting cylinder, so that the air within may lose he 
by conduction to the atmosphere aa fast aa heat is generated 1 




compression; the process will in that case be isothermal, at t 
temperature of the atmosphere. Imagine further that the co 
pressed air is distributed without change of temperature, and tl 
the process of expansion in the consumer's engine is also indi 
nitely slow and consequently isothermal. In that case {if 
neglect the losses caused by friction in the pipes) there woi 
be no waste of power in the whole process of transmission, 1 
indicator diagram would be the same, per lb, of air, in the co 
pressing engine aa in the consumer's engine, namely fcae (fig. \ 
in one and eac/in the other, ac being an isothermal line. 

Imagine, on the other hand, that the compression and expans 



' Bee Min. Proa. Irut. C. E., Vol. ) 
p. Hi. 



[. p. 333. Aleo RttnkiDe'i Steam-En^ 



> See Jirin. Pnc. hut. C. £., Vol. ciii.. 189!l, rP- *>'i, <82. 
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re both adiabatio — a state of things which would be approximated 
if they were performed very quickly. Then the diagram of the 
ompfesBLon is fAt (fig. 39) and that of the consumer s engine is 
ad/'(fig. 40), o6 and ad being adiabatic lines. The change of 
rokme of the compressed air firom e& to ea occurs through its 
cooling in the distributing pipes, from the temperature produced 
Ij adiabatic compression down to the temperature of the atmo- 
ipbere. Superposing the diagrams as in fig. 41 and sketching an 
Aothermal line between a and c (both of which are points at 
iimcspheric temperature) we see that the use of adiabatio com- 




I — ^""~1* 
» / • — ^^rf 

V 



Fxo. 89. 



Fio. 40. 



presion involves a waste of power which is measured by the area 
cio, while the use of adiabatic expansion by the consumer involves 
thrther waste measured by a/cA. 




Fio. 41. 



When the expansion and compression are both adiabatic, the 
efficiency of the process is readily found from the fact that a 
borijBontal line drawn at any pressure to meet the curves od and 
he is divided by ad into segments the ratio of which is constant 



r 
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and equal to the ratio of ea to ofc or of _/y to do. Heuce tha 
eHicieucy, which is the i-atio of the area of the expansion diagratu 



to that of the comi 



pression diagram is -. or "4- , This ma; 

since Ta = n. Hence the efficiency is 



[pi . As an example, say that the air is compressed from 

1 to 4 atmospheres: the efficieDcy is then j-^ or 067. When 

the expansion and compression are isothermal the efficiency, 
far as these processes are concerned, is unity. 

In practice the compression cannot be made strictly isothermal 
for want of time. The temperature of the air is prevented as far 
as possible from rising during compression by injecting water into 
the compressing cylinder, and in this way the curve which would 
be i*K= const, if isothermal and /" K"* = const, if adiabatic takes 
an intermediate position between ca and cb (aa examination of the 
actual indicator diagram shows), and may be roughly exprt;ssed by 
the equation 

PK'' = const. 

Again, the waste of power in compression may be reduced by 
dividing the process into two or more stages (performed in two or 
more successive cylinders) and cooling the air between one 61 
and the next. In this way a stepped compression curve such u 




cghijh (fig. 42) can be obtained which approximates more nearly 
to the isothermal curve ca, and the loss is consequently reduced 
by the amount of the cross-hatched area. The saving so effected 
is considerable when air is highly 
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Similar devices may be used by the coDsumer to make the 
: expansion curve in his engine approximate more nearly to the 
iiuthermal line : that is, he may inject water or use a compound 
engine, allowing the air time to take up enough heat to restore it 
more or less nearly to atmospheric temperature between one 
stage of expansion and the next. By these means the efficiency 
of the transmitting system as a whole (neglecting all losses due to 
friction in the distributing pipes, in the valves of the engines, &c.) 
may be made to approximate to unity. 

There is, however, another point to be considered. If the 
temperature be allowed to fall materially during expansion the 
same difficulties present themselves as were referred to above in 
speaking of re&^;erating machines: the expanding air tends to 
deposit dew or even snow. To prevent this the practice is often 
followed of passing the compressed air through a stove or 
"preheater" in order to raise its temperature just before it is 
allowed to expand, and so prevent the deposit of frozen moisture. 
When " preheaters " are used the extra heat which they supply is 
of coarse itself partly converted into work\ 

> On the sal^jeot of trantmission of power by oompressed air reference should be 
■ttk Co papefB by Prof. Kennedy, Brit, Auoe. Rep, 18S9, p. 448, and Prof. 
Rieolion, Engineering^ July 7, 1898. See also Prof. Peabody*8 ThermodynanUci 
i ike SUam-Ertginey Chap. zz. 



CHAPTER V, 



ACTUAL BEHAVIOUR OF STEAM IN THE CYLINDER. 



101. Oompariion of actual and ideal indicator diagram* 

We have now to consider in what respects ths action of steam ii 
a real engine differs from the ideal action described in § 71 o 
Chapter III., where a hypothetical engine was considered in whici 
the cycle of operation was aa near an approximation to Camot's u 
could be reached without the use of adiabatic compression. Aj 
enf^oe imagined to work in the manner there described, anc 
having an indicator diagram of the tj-pe shown in fig: 17 
where the expansion) is adiabatic and complete, forms a' usefii 
standard with which to- compare real engines. Their efficieocj 
is always less, for reasons which will be dbcussed in thi 
chapter. 

In the first place, the expansion in real engines is not (excep 
in raro coses) complete: the steam at release has a pressure wbicl 
ia higher than the pressure in the condenser if the engine is i 
condensing engine, or higher than the pressure of the atnaospher 
if the engine is non-condensing. Reasons for this have beei 
w.j^nn^ indicated: complete expansion would increase unduly th 
kJMlk uid weight of the engine ; ihe work done by the steam h 
Ae iMt stages would add nothing to the net mechanical outpu 
for it would be used up in overcoming the friction of the piston 
furtbttf, complete expansion would aggravate certain evils to b 
doscrtb«d later which arise from the cooling of the cylinder durioj 
oxiwusion and exhaust. For these reasons it is practically desirabl 
to out off tho toe of the ideal diagram sketched in fig. 17. Thi 
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Eect which inoompleteness in the expansion produces by itself on 
te efficiency of the ideal process has already been considered in 
tference to the indicator diagram, fig. 18, and to the entropy- 
^perature diagram, fig. 29 (§ 89). 

Other features of difference are most conveniently noticed by 
comparing stage by stage the ideal diagram of fig. 18 with a 
£agram taken from a real engine. In the action to which figs. 17 
and 18 refer it was assumed — (1) that the steam was supplied 
in the dry saturated state, and had during admission the full 
(miiform) pressure of the boiler P^; (2) that there was no transfer 



Ab$olmi$ FocMKM 

Flo. 43. Tjpioal IncCcator Diagram from* a Ckindensing Steam-Engine. 

of heat to or from the steam except in the boiler and in the 
condenser ; (3) that after more or less complete expansion all the 
steam was dischaiged by the return stroke of the piston, during 
vhich the back pressure was the (uniform) pressure in the con* 
denser P, ; (4) that the whole volume of the cylinder was swept 
^ugh by the piston. It remains to be seen how far these 
ttssumptions are untrue in practice, and how the efficiency is 
^ected in consequence. 

The actual conditions of working differ from these in the 
following main respects, some of which are illustrated by the 
pactical indicator diagram of fig. 43, which is taken fix)m an 
■^^ engine. 

'^ Wire-drawing during Admission and Ezfaauit 

to the resistance ^8 and passages, and to the 






nf*r:a :' i:-* a"*^a.Ti. tz** presBnre wi:n:r :r.-r rilii^i-rr ^ !•=» than 

Ji.r'- -rT -T. ia«: P. ire uhemaelves not abs-il-t^j zzzS.rr^.wiA 
? £ rr-..Z''r - -ij. 'i-r znssiire of steam ac :he :'rrLi»rr»,r::r»r cf the 
■'intXtns-r ■: kr:-:»iz: :f ihe pre^nce of some air ii. ii«r ^:oi*Qser. 
rir Tr--=»-!: - f iir IS aco^anted for partly hy rzs eL^cfi::^: the 
>:Irr zr»» . ■-: Ji The :eed water, and partly by :t= leaciii^ into 
-zt -^iz-irr 4::ii .iiher parts of the engine a: lizjis vhea 
T^r ^r*-!«ir? T-'iiZ. is less than the pressure of ibr iimo- 



I-^z^ ^iiiisssi'ic 'he pressure of steam in the cylirrf^r :« less 

ra:i ur :• il-rr rrfss'ire by an amount which onei. iD:r^j«s a 

- - ^ ■:: - -:i>" c Aiivances, on account of the incre^sei vrl-rciij 

;- ••.>^- a * Ti' cirn and the consequently increased dT:riii.d for 

^•jbi:. V'lts :ze p>rts and passages offer much n=^i5:ance the 

^- *.:i > \p^■s^; vrly said to be " throttled " or " wire-drawn." Wire- 

-^ * ::^' : -^-cani is in {set a case of imperfectly re^>:ed expan- 

.L ii : •' . The steam is dried by the process to a small eiicn^, 

> ..»a^ -ir wn :n 5 77, and if initially dry it becomes superheated 

• J ^::.7i:<T diagram wire-drawing causes the line of admis^on 

> ^' .1 line drawn at the boiler pressure, and generally to 

. ^v : :e iownwards. In fairly good practical instances the 

,>^.';:c' pressure during admission is about nine-tenths of 

V • >9^r^ :n :he boiler. With a long steam-pipe or a badir 
. -••f :he fall of pressure may be greater, and the effect 
. »,.x; vhon the steam is allowed to become wet by learing 
. »»..• .*L^ ■'•are or insufficiently covered, instead of having 
.w .v«.xr-\ 'lagged" with some material which is a poor 
... . *tci;. Even under the best conditions some of the 
. -*.»car<i: n its way to the engine by loss of heat firom 
V -t" s :n general some additional water present in 
.v.s:^i -^-At is called " priming '^ on the part of the 
^, , >a\ the delivery of steam in which particles of 
. . .•.i.iv«44.> *iisj>?nded. Whatever water is present, from 
^, -v •* "*'*'^* *^'' '^^ completely removed by the use of 
,. . ^Li«tf!i:-'r" but usually the steam is to some ex- 
. . , ;> C!c oylinder, notv^ithstanding the slight ten- 
. ...i».«i»!A: has to dry it. The separator is a vessel 
.. .^voau I'ttssos on its way to the engine and in 
,..u '^itivi^^ of moisture settle, the accumulated 
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ittUr being drained off from time to time. In many cases the 
steam is made to take Buch a course through the separator that 
the centrifugal action assists in causing the particles of watei' to 
be thrown off. 

Again, during the exhaust the actiiat back-pressure exceeds 
the pressure in the condenser by an amount that depends on 
tke freedom with which the steam makes its exit from the 
Cfliuder. In condensing engines with a good vacuum the back- 
pressure is often as much as 3 lbs. por square inch and even 
dure, ftud in noD-conden!>iiig en<;ines it is 16 to 18 Iba in place of 
the mere )4'( lbs. or bo which is the pressure of the atmosphere. 
Th(! excess of back-pressure may be greatly increased by the 
ptvsence of water in the cylinder. The eflects of wire-drawing 
ilo not stop here. The valves open and close more or less slowly ; 
^ points of cut-off and release are therefore not absolutely 
■harp, and the diagram has rounded corners at b and c in place 
of the sharp angles which mark those events iu fig. 18. For this 
Ksfon release is allowed in practice to begin a Ittlle before the end 
of tbe forward stroke, hence the toe of the diagram takes a 
fi>rm like that shown in 6g. 43. The sharpness of the cut-off, 
U(l to a less extent the sharpness of the release, depends greatly 
on the kind of valves and valve-gear used ; valves of the Corliss 
l.»pe, for instance, which will be described in a later chapter, stop 
the admission of steam more suddenly than the ordinary slide 
wive does and therefore produce a diagram in which the events of 
the stroke are more sharply defined. 

103. Clearsnee. When the piston is at either end of its 

Krnke there is a small space left between it and the cylinder cover. 

This space, together with the volume of the passage or passages 

Wing thence to the steam and exhaust valves, is called the 

f'wronce. It constitutes a volume through which the piston does 

!W*t sweep, but which is nevertheless filled with steam when 

^imimon occurs, and the steam in the cleamnce forms a part of 

"le whole steam which expands after the supply from the boiler 

" cut off. If J P be the volume swept through by the piston up 

**i«l6a9e, OA the volume of the clearance, and AB the volume 

'^ept through during admission, the apparent ratio of expansion 

i.AC . ^^, , .- . OA+AO 

jTi, but the real ratio is p—. -ir- 

fl a VA + Ali 
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EBifci of Cleu^noft 



ClearaDce must obviously be taken account of in any calcula- 
tion of curves of expansion. It ia 
conveniently allowed for in indicator 
diagrams by shifting the line of no 
volume back through a distance corres- 
ponding to the clearance in the manner 
illustrated in fig. 44. In actual engines 
the volume of the clearance OA is 
usually from j\f to -^ of the volume of 
the cylinder. Its size depends largely 
on the kind of valve that is used. As a rule umall engines have 
relatively more ck-arance than large ones. 

104 ComprctBion, Clearance affects tJie thermodynamio 
efficiency of the engine chiefly by altering the amount of steam 
that is consumed per stroke, and its influence depends materially 
on the extent to which the compression of part of the steam 
during the return stroke, referred to in § 71, is carried on. If 
there were no compression : if, in other words, the exhaust pipe 
leading to the condenser or to the atmosphere were left open 
throughout the whole of the back stroke, at the end of that stroke 
the clearance space would have nothing more in it than steam at 
a pressure equal to the back -pressure, and consequently at the 
next admission enough steam would have to be drawn boax the 
boiler to bring up the pressure in the clearance as well oa to &U 
the volume which is swept through by the piston up to the point 
of cut-off With compression this cause of waste is more or less 
completely avoided. During the back stroke the process of exhaust 
is discontinued before the end as at r2 in 6g. 43, and the steam 
remaining in the cylinder is compressed. The cushion of steam 
thus shut in finally occupies the volume of the clearance ; and by 
a proper selection of the point at which compression begins tha 
pressure of this cushion may be made to rise just up to the 
pressure at which ateam is admitted when the valve opens. This 
may be called complete compression, and when it occurs the 
existence of clearance has no direct effect on the consumption of 
ateam nor on the efficiency ; for there is then simply a permanent 
cushion which is alternately expanded and compressed without 
net gain or loss of work, in addition to the working eteam 
proper, which on admission fills the volume AB (fig. 44), and- 
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irhich enters and leaves the cylinder in each stroke. But if I 
compression be incomplete or absent there ia, on the opening of I 
the admission valve, an ionish of Bteam to All up the clearance J 
BpBce. This increajses the consumption to an eiient which ia 
only partly counterbalanced by the increased area of the diagram, 
1 the result is that the efficiency is reduced. The action is, 
feet, a caae of unresisted expansion (§ .50), and consequently I 
teuda, so far as its direct effects go, to make the engine less j 
tlian ever reversible. It ia to bo noted, however, that by any 
unresisted expansion of this kind the entering steam is dried to j 
extent, and this helps in a measure to counteract a cause of ' 
Jijesa which will be described below. Incidentally, compression has 
the mechanical advantage that it obviates the shock which the 
ion of steam would otherwise produce, and increases the 
aaioothness of running by giving the piston work to do while its | 
irelocity is being rapidly reduced — an action which receives the ] 
ae of "cushioning." 

The opening of the steam valve for admission being a some- 
vfaat gradual process, it generally begins before the back stroke is I 
quite complete, in order that the valve may be widely enough open 
to let the steam in freely when the piston begins to move forwards. 
The valve is then said to have lead, and the effect is to produce 
what is called pre-admis-non. Pre-admission tends to increase the 
mechanical effect of cushioning which has just been referred to. 

106. Cuahlon Steam and Cylinder Feed. In dealing 
with the influence of clearance, whether the compression be 
complete or incomplete or even altogether wanting, it ia convenient 
to tliink of the working substance in the cylinder as made up of 
two parts, namely, (1) the part that has been shut up in the 
elcanmce from the previous stroke, and (2) the part that is freshly 
toppli«d from the boiler. For brevity we shall refer to these in 
whaC follows as (1) the cushion steam, and (2) the cylinder feed. 
Baring expansion the whole quantity of working substance in 
the cylinder is the sum of these two; during compression the 
codiioa steam only is present, If the steam which leaves the 
engine is condensed and the condensed water weighed, its quantity 
fi>rDi9 a measure of the cylinder feed, irom which the amount of 
steam passing through the cylinder per stroke may be deduced. 
Bat to this amount the cushion steam must be added when it is 
to know the whole weight of steam present in the cylinder. 
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106, Influence of the Cylinder Walls. Condensatton 
and He-evaporation in the Cylinder. (jcDerally by far the 
most important element of difference between the action of i 
real engine and that of our hypothetical engine is that wbid 
v&s alluded to at the end of Chapter L, the difU'erc-nce, nunelj 
which proceeds from the feet that the cylinder and piston ore nffl 
non-conductors. As the steam fluctuates in temperature in thi 
phases of admission, expansion and exhaust there is a complei 
give-and-take of heat between it and the metal it touches, and t^ 
effects of this, though not very conspicuous on the apparent form 
of the indicator diagram, have an enormous influence in reducing 
the efficiency by increasing the consumption of steam. Atteutioi 
was drawn to this action by Mr D. K. Clark aa early as 1855', 
and the results of his experiments on locomotives were conflnned 
and extended in 1860 by Mr Isherwood's trials of the engines tA 
the United States steamer " Michigan*." Bankine in his clasEicat 
work on the steam-engine notices the subject only very briefly, 
and takes no account of the action of the cylinder walls in hit 
calculations. Its importance has now been established beyoikd 
dispute, notably, among early experiments, by those of Mem) 
Loring and Emery on the engines of certain revenue stoamen dl 
the United States*, and by a protracted series of inveetigatdoH 
carried out by M. Eallauer and other Alsatian engineers nnda 
the direction of Hirn*, whose name should be specially associated 
with the rational analysis of engine tests, and who was one of tha 
first to recognise the losses that result from condensation of steAii 
on the surface of the cylinder. The evidence afforded by these 
experiments has been amply confirmed hy au immense numbers 
trials made on all kinds of engines and under every variety o 
working. In the next chapter some account will be given of ho* 
sr.i-ani -engines are experimentally examined, and how, from thf 
oliserved behaviour of the steam, we may deduce the exchanges d 
heat which occur between the steam and the cylinder throughoui 

■ Hailteaji Mathinfry, or art. Steau-Enoihe, Ency. Bril., 8tb editian. Sm ila 
31Ih. Pne. Iiut. C. E., voL litii. p. 27B. 

' Sm tihorwood'a Etperimtntal lieirarchtf in Steam Engineering, PhiladdphiBi 
1B63. Tlii* important voik describea a great mmiber of eiperiments, undeitikcl 
■t a liiuc whoQ onginecrs in geDcial wore but little alira to their voJus. 1 

* An abitraot nt Meisn Iioring and Emei/a reporU is given in EnffitutriBK 
Tola. ilx. and ili., and in Mr Maw'a ReeenI Pmctiee in Marine Engiatermg. 

* DM. Soe. iAtltutr. de llullwuit, from 1S77. 
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stroke. The following is, in general terms, what experiments 
vith actual engines show to take place. 

When steam is admitted at the be^nning of the etroke, it finds 
the metallic surfaces of the cylinder and piston chilled by having 
beeo expoeuid to low-pressure steam during the exhaust of the 
pTBvioUB 3trr>ke. A portion of it is therefore at once condensed, I 
nd, as the piston advances, more and more of tlie chilled cylinder | 
is DJiposed and more and more of the hot steam is con- 
At the end of the admission, when communication with 
ler is cut off, the cylinder consequently contains a film of 
>read over the exposed surface, in addition to saturated 
The boiler has therefore been drawn upon for a supply 
greater than that which corresponds to the volume of the 
'n space. The importance of this will be obvious from the 
the steam which is thus condensed during admission 
amounts to 30 and often even to 51) per cent, of the 
[quantity that comes over from the boiler. Very rarely is 
than 25 per cent., and as much as 69 per cent, has been . 
in trials of a small engine'. 

as expansion begins, mure cold metal is uncovered, and 
the remaining steam is condensed upon it. There is in 
a further condensation which takes place in consequence 
■k the steam is doing during expansion — a condensation I 
luld be found even if the walls were perfect non-conductors I 
process were strictly adtabatic. So far as these two actions ' 
■ned. the mixture ia getting wetter as it begins to expand. 
pressure of the steam now falls, and the layer of water 
lias been previously deposited begins to be re-evaporated as 
socp as the temperature of the expanding steam falls below that of 
Uie liquid layer. Hence, on the whole, the amount of water present 
increases during the earliest part of the expansion, but a stage is 
MOD reached when the condensation which occurs on the newly ^ 
exposed metal or throughout the steam as a whole is balanced by 
re-evaporation of older portions of the layer. The percentage of 
water present is then a maximum ; and from this point onwards i 
the mixture of steam and water present in the cylinder beoomeaJ 
DW>re and more dried by re-evaporation of the layer. 

D papen b; Col. Englinb {Proe. Iiut. Mech. Eng. Sept. 1887. Oot. 1689, HnjJ 
whkli deaoribe eip^ineiila ou thU labjeot, and give the omoiin 
laklion whifh linve been found in trisln by a DUEober of i 
Bbaomri. In ^oveial ernes the amount is over GO per cent 
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107. Re-eTaporatlon contlnQed during the eidiaiut 

If the amuunt of initial coudeiisation has been email thi 
evaporation may be complete before i-elease occurs. Very nsuall/, 
however, there is still an undried layer at the end of the forward 
stroke, and the process of re-evaporation continues during tli4 
return stroke, while exhaust is taking place. In extreme cases, it 
the amount of initial condensation has been very great, the 
cylinder walls may fail to become quite dry even during the 
exhaust, and a residue of the layer of condensed water may either 
be carried over as water into the condenser, or, if the exhaust 
valves are not arranged so that it can be discharged, this unevapo- 
rated residue may gather in the clearance space, and in very bad 
cases may even require the drain-cocks to be left open to allow of 
its escape. When any water is retained in this way the initiftl 
condensation is enormously increased, for the hot steam then 
meets not only comparatively cold metal but comparatively cold 
water when it enters the cylinder. The latter causes maoh 
condensation, partly because of its high specific heat, and partly 
because it is brought into intimate mixture with the entering 
eteam. 

Apart, however, &om this extreme case, whatever water ii 
re-evaporated during expansion and exhaust takes heat from the 
metal of the cylinder, and so brings it into a state that makes 
condensation inevitable when steam is next admitted from the 
boiler. It is in fact the condensation of the layer and its re- 
evaporation, whether during expansion or during exhaust, that is 
the means of exchange of heat between the metal of the cylinder 
and the working substance. Mere contact with low-pressure 
steam during the later stages of expansion and during the exhaust 
stroke would cool the metal but little, for communication of heat 
between dry metal and any gaseous substance is slow even when 
the diflference of temperature between them is large. The cooling 
which actually occurs is due mainly to the re-evaporation of the 
condensed water. Thus if an engine wore set in action, after 
being heated beforehand to the boiler temperature, the cylinder 
would be only slightly cooled during the first exhaust stroke,! 
and little condenisatiun would occur during the next admission. 
But the metal would be more cooled in the subsequent expansion 
and exhaust, since it would part with heat in re -evaporating this 
water. In the third admission more still would be condensed, and 
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oo, UDtil a permanent regime would be eslabliahed in which ' 
londensation and re-evaporation were exactly balanced. The same I 
regime is reached when the engine starts cold. l 

However early the re-evaporati<jn of the condensed film ia 
completed it results in some chilling of the cylinder walls, leaving 
them to be re-heated by condensation of fresh steam in the next 
stroke. The evils of initial condensation are greater the later this 
re-evaporation is completed. If the steam in the condensed layer 
it all evaporated before the release but little further cooling of the 
melttl will occur during the exhaust stroke: if water remains to 
be evaporated during exhaust the whole action of the Bides ia 
mtensitied. It is only in exceptionally favourable cases that the 
■ater condensed during admission is completely evaporated before 
lelcase. 

It is interesting to notice how important a part is played in 
the action of the cylinder walls by the wetness which results from 
die doing of work as the steam expands. Steam entering dry 
lai becoming condensed during admission will give up to the 
metal an amount of heat equal (per lb.) to the latent heat L,. 
On being re-evaporated at any lower pressure it will take up an 
unount of heat equal (per lb.) to the latent heat L, correi, ponding 
to that lower pressure. But in being cooled from the higher to the 
lower temperature it gives up an amount of he^t equal to A, — A,. 
On the whole so far as this condensation and re -evaporation of 
dte same water is concerned the metal gains heat, since /f, is 
greater than H, and consequently L, + ki~hi is greater than i,. 
If therefore the metal were losing heat in no other way the process 
of condensation and re-evaporation could not go on. In actual 
cases, the metal does in general lose some heat by conduction to 
the ontade; bat the chief reiiaon why the process goes on ia 
hecanse more water is evaporated than is initially condensed. 
This is because of the additional condensation which results from 
Work being done as the steam expands. 

106. WetncH of the working steam. Another reason 
•hy the process of condensation and I'e-evajioration is possible is 
thai the steam generally brings in some water with it, which 
water is evaporated in the later stages of the stroke in addition 
to the water formed by condensation within the cylinder. Should 
(he supply of steam be itself wet — apart from the wetness which^ 
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it acquires during admission on meeting the colder metal of the 
cylinder — the amount of water to be evaporatod will be iacTexscKl 
and consequently the action of the metal will be greater thaa if 
the steam were initially dry. 

It follows from the reasoning of § 107 that for each lb. of water 
which is first condensed in the cylinder and then re-evaporated & 
net amount of heat equal to L, + h, — k^ — L^ must be in eome vnj^ 
abstracted from the metal. This quantity, which may be written 
S, — Ht or 0305 (/, - 1,), is small compared with the latent heat £,. 
If for instance the admisaion pressure is 90 lbs. and the exhaust 
pressure is 3 lbs. f, — f, is approximately 180°, and 0*305 (f, — ^) is 
only about one-twentieth of Z,. Hence a comparatively small 
extra quantity of water, a small excess, that is to say, in the 
amount evapomtt^d over the amount condensed, will be competent 
to account for a large amount of alternate condensation and re- 
evaporation. This extra quantity is supplied, when steam works 
expansiveiy, by the condensation which is due to the work done 
during expansion, the condensation, namely, which would occur in 
an adiabatic process. But it may also be in part supplied by 
wetness in the supply. A smalt amount of such wetness will suffice 
to explain, so far as the heat balance is conceiTied, a low mean 
temperature on the part of the cylinder walls. Similarly a large 
effect may be pi-oduceil by any loss of heat which the metal of the 
cylinder suffers by conduction and radiation from its outer siiriace'. 

At any stage in the expansion the whole quantity of water 
present may be regarded as consisting of two parts. The water 
which is formed in consequence of condensation during admission 
forms a film on the metallic surfaces. It may be conjectured, on 
the other hand, that the water which expansion itself produces 
rather takes the form of a mist of minute particles scattered 
throughout the whole volume. There are no experimental means 
of distinguishing between the two forms which the water may 
take, and the distinction would in iiuy case have little interest. 
What we have to do with at all stages is simply a mijtture, in 
varying proportion, of steam and water. Water in the form of 
mist — if anything of the kind is formed — would be much less easy 

^ On thia subject reterenco should be male to an importftnt iDTesligntioa b7 
Ptotemora CaUendar and NicolBon (iWrn. Pro,: IhiI. C. K. 1897-6) dealing with 
the whole qaestion of condouBstion in the cylindur, and the cTolical variktion of 

talnpcrature in the cjUmler wuUs. 
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1 evaporate than water deposited upon the walls, and the fact ( 
lat in some triab the Hiiid is apparently quite dry at the end 
if expaosioD rather indicates that when water is formed it collects ] 
wholly or mainly on the solid surfaces'. 



Graphic Bepreaentatlon, on the Indicator Dla- 
of the Water present during Expansion. In testing 
I, by methods which will be described in tlie next chapter, ■ 
the amount of steam is measured which passes through tlie | 
cylinder per stroke — that ig, the quantity which we have called 
the"cylinder feed." The whole quantity of steam and water present 
d&ring expansion is the cylinder feed plus the cushion steam. To 
enimate the amount of the cushion steam we take, on the indicator 
(Hagiam, a piint after compression has begun, after the exhaust 
wive has become completely closed, and note the pressure and the 
•olume there, remembering that the true volume is the sum of 
tiie uncompleted portion of the stroke and the clearance. From 
thispressure and volume the quantity of the cushion steam is readily 
calculated, assuming that the steam is simply saturated and that 
no water is present when compression begins. As a rule, this 
•ffiumption is probably correct: occasionally the cushion steam 
may be wet, which would make its amount greater, but in most 
cases the supposition that the steam is dry when compression 
be^s may be accepted as involving at least no serious error. The 
total quantity of steam in the cylinder during expansion is next 
found by adding the amount of this cushion steam to the 
^ioder feed. A " saturation curve " can then be drawn on the 
indicator diagram to show the volume which this total quantity 
wonld fill if it were dry and saturated at each pressure reached 
daring the expinsion. An example is shown in the indicator 
diagtam of fig, 45, whci-e SS is the saturation curve. In drawing 
ttiis line the axis of no volume is to be taken to the left of the 
•fiagram which the indicator traces, by a distance which represents 
tbe volume of the cii;aiance. Then if a horizontal line ABS be 
dmwn to intersect the expansion cune at any point B, AB is the 
' In Ibu oanoection rererenee should bo mada to tha observations of Mr Bryan 
Donkin mtde by mentis o( an appantaB which ho baB called a "revealur." See hU 
ppen "Sot 1c« toraxea particaliirea priaea par I'eaii dana lea cjliadreg de ni 
Inprai'" {Revae Univerielle dit Minen, 18U3. p. 276, Ensincering, June 30, 
Utt), and *' Kiperimenta on the Condeuauliou of Steam" {Min. Proc. Iiut. C. E. 
Yd. MT., 1833), 
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actual volume which the expaading mixture filled at this pressoro, 
AS is the volume it would have filled if dry and saturated ; BS a 
the volume that is lost by wetness. Hence the proportion of water 

in the inisture is sensibly -^-„, and the dryness q is -jq. Thus 

the proportion of water present at any stage of the expansion ia 
determined and is shown in the diagram. 




Volmiu in aibie fitt 
Fi«. 46. 

Fig. 45 relates to a real case — a trial, by the author, of a small 
engine of the marine typa The Amount of cylinder feed per 
single stroke was 00404 lbs. The pressure at the point D was 
found to be 4 pounds per square inch, and the volume there 
was 012 cub. ft. Since the volume of lib. at that pressure is 
90'4 cub. ft., it follows that the amount of cushion steam was 
00013 lbs. This gives a total of 0-0417 lbs., for which the curve 

SS is drawn. By measuring values of ^ g at points along the 

curve it ia found that the proportion of water in the mixture 
was 52 per cent, at cut-off, then increased to about 55 per cent 
during the early stages of expansion, then became less, and 
finally sank to 37 per cent, just before release. 

Again, knowing the wetness of the mixture at the point of 
cut-olT we may draw an adiabatic line through that point using 
the equation Pv" = constant with a suitable value of n (see 1 66). 
This curve will in general be found to lie a trifle above the actual 
expansion cun'e at first, but to cross it early and lie distinctly 
below it towards the end of expansion. This is because the metal 
continues for some time after cut-off to take lieat from the working 
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kfloid, but later gives up heat to it through the re -evaporation 
loC the condensed film. 

By comparing the adiabatic with the actual expansion curve it 

I is possible to examine the give-and-take of heat between the metal 

i the working tiuid. But this is more conveniently done after 

p>py-tempemtiire curve has been drawn, as will be presently 

testa of compound engines are in question it ia useful 
to modify the construction shown in fig. 45 by separating the 
CTlinder feed from the cushion steam, and drawing the diagram 
for the former. This allows a combined diagram for the several 
cylinders to be drawn, along with a single saturation curve. The 
Teason is that the amount of cylinder feed is the same for both 
M all the cylinders, whereas the amount of cushion steam may 
be very diffei'ent. An example of this construction will be given 
liter in dealing with compound engine trials, 

110. Vae of the Entropy-Temperature diagram ia 
exhibiting the behaviour of steam during expansion and 
the exchanges of heat between it and the cylinder walU. 
In the entropy- temperature diagram, fig. 4t}, let ali be drawn at 
the temperature which corresponds to the pressure at the point of 

cnt-off, and let it be divided at c so that -r represents the pro- 
portion of dry steam to water in the total quantity of working 
4oid present in the cylinder. Similarly, at any lower tempera- 
tures reached during expansion let lines a'b', a"b" be divided at 
pants e', e" in the proportion of steam to water then present, 
nakiag 

ab' AS 

«t the cori-cipoading pressure in the indicator diagram (fig. +5). 
In this way the cun-e cc'c" is determined, which represents the 
leal process of expansion, and this is readily compared with the 
idwl adiabatic process represented by the straight vertical 
line eg. Taking c" as the point of release the diagram may be 
continued by drawing a constant- volume curve as described in 
jSi), In the first stages of expansion, namely from c to c' in the 
eketcb, the proportion of water in the cylinder is increasing, and 
the beat abstracted by the cylinder walls from the steam is the 
u«tt ^hc'. From this point onwards the steam becomes drier, 
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and takes up heat from the metal, the whole amonat recovered np 
to the point of release being the area c'c"eA. It will be seen that 
a diagram of this type ia particularly well fitted to allow the 
transfer of heat betweea metal and fluid to be traced tfaronghoat 
all stages of the expansion, the heat given up or recovered in any 



X 



part of the process bciDg equal to the area under the correspond- 
ing portion of the expansion curve cc'c". When this curve slopes 
down to the left heat is passing from the steam to the metal ; vhea 
it slopes down to the right the exchange ia the other way. The 
heat abstracted from the steam during compression and admission 
is nearly equal to the area fbcg — nearly, but not exactly, because 
all the condensation in these stages does not occur at the pressure 
of cut-off. During compressiou condensation is going on at lower 
pressures because the temperature of the cushionsteam — necessarily 
rising with the pressure — is being raised above the temperature 
to which the walls have been chilled during exhaust. 

111. Thermodynamic Loia due to Initial OondensaUoi^- 

From a thcrniodynainic point of view all initial condensation of fct^ 
steam is bad, for, however early the film of water be re-evaporab^* 
this can talie place only after its temperature has cooled below th^^ 
of the boiler. The process consequently involves a misapplicati*"* 
of heat, since the substance, after parting with high-temperatW* 
heat, takes it up again at a temperature lower than the t^P 
of its range. This causes a loss of efBciency, and the loss ^ 
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the later in the stroke re-evaporation occurs. The heat 
ihat is drawn from the cylinder by re-evaporation of the condensed 
film becomes less and less effective for doing work as the end of 
the eipansion U approached, and finally, whatever evaporation 
continues during the back stroke is an unmitigated source of 
waste. The heat it takes from the cylinder does no work'; its 
only effect, indeed, is to increase the back-pressure by augmenting 
the volume of steam to be expelled, A small amount of initial 
conilensation reduces the efficiency of the engine but little; a 
luge atnonnt causes a much more than proportionally larger loss. 

112. Action of a Steam-jacket. The action of the cy- 
linder walls is increased by any loss of heat which the engins 
may suffer by mdiation and conduction from its external surface. 
It has been pointed out in § 108 how any such loss tends to 
dalurb the balance of lieat in a cyclical process of con- 
densation and re-evaporation, and consequently to promote 
condeuBation. More steam is initially condensed in a cylinder 
which ia losing heat externally. The loss of efficiency due to 
the action of the cylinder walls will therefore be greater in an 
unprotected cylinder than in one which is well lagged or covered 
'iti non-conducting material. On the other hand, if the engine 
htve s steam-jacket the deleterious action of the walls is reduced. 
T^ norkiog substance is then on the whole gaining instead of 
loang heat by conduction during its passage through the cylinder. 
The jacket maintains a higher mean temperature on the inner 
niriace of the cylinder, reduces condensation, and accelerates the 
piwesa of re- evaporation, tending to make it occur while the 
temperature and pressure of the steam are still comparatively 
liigh. AHer the process of re- evaporation is complete the jacket 
t»anot superheat the steam lu the cylinder to any material 
«tent, for conduction and radiation between dry steam and the 
•netnl of the cylinder are incompetent to cause any considerable 
Wchange of heat. The earlier, therefore, that ro-evaporation is 
c«nplete the less is the metal chilled, and the less is the subsequent 
<»iideiisation. But after re- evaporation is completed the steam 
'n tiie jacket continues to give heat to the metal during the 
femaiuder of the cycle, and so warms it to a temperature more 

' TTnleu, o( ooam. the c^'tinder in qucntioD is one of b compound eetiea, and tba | 
JlMa Uut letvea it puaes oa to onathet' cj'lmder to ondeiga farther eipauBioa there. J 
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nearly equal to that of the boiler steam before the oeit admission 
takes place. 

Thus a fiteam-j&cket, though in itself a thortnodynamically 
imperfect contrivance, inasmuch aa it supplies beat to the working 
substance at temperatures lower than the top of the range, acts 
beneficially by counteracting, to some extent, the more serioiu 
uisapplicatiun of heat which occurs through the alternate cooling 
and heating of the cyUnder walls. The heat which a jacket com- 
municates to the working steam ofVen increases the power of the 
engine to an extent far greater than corresponds to the extm 
supply of heat which the jacket itself requires. A jacket has the 
obvious drawback that it increases waste by external radiation, 
since it both enlarges the area of radiating surface and raises ita 
temperature; notwithstanding this, however, many experiments 
have shown that the influence of a steam-jacket on the efficiency 
is good, especially in slow running engines and in engines where 
there is a large ratio of expansion in a single cylinder. This 
13 to be ascribed to the lact that it reduces, though it does not 
entirely remove, the evils of initial condensation. To quote once 
more Watt's words, the jacket does good by helping to keep the 
cylinder as bot as the steam that enters it. To be effective, how- 
ever, jackets must be well drained and kept full of "live" steam, 
instead of being, as many are, traps for condensed water or for wr. 
The action is kept up by condensation of steam in the jacket itsel£ 
When the jacket is acting effectively the amount of steam which 
is condensed in it generally ranges from about 7 to 12 per cent 
of the whole steam supply. The most economical treatment of 
the jacket-water is to allow it to drain directly back into the 
boiler. In some cases the activity of tbe jacket has been secured 
by letting all the steam supply pass through the jacket on its 
way to the cylinder, an arrangement which makes particular 
care necessary to prevent the water which is formed in the jacket 
from passing into the cylinder. 

We shall refer presently to experiments which show the 
influence of steam-jackets on the efficiency of engines of various 
types. Meanwhile it may bo said that in no trials has it appeared 
that a jacket has done harm : in other words, the saving of steam 
in the cylinder-feed brought about by the use of a jacket is always 
groator than the amount of steam which the jacket itself uses, and 
in many instances the net saving is as much as 10 or 20 per cent. 
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Hie ht&t results are found in cases where, if the jacket were 
ilietwt, the cundittODS are such &s would give rise to much initial 

lensatioD. In engines which make a great number of strokes 
pw minute the influence of the jacket is necessarily small'. 

The advantage of the jacket may be increased by making its 
tentpentture higher than that of the steam during admission to 
file cylinder. Re-evaporation of the condensed layer is fui'ther 
lustcned, and after it is over the jacket gives up but little heat. 
Xr Brj'au Doiikin lias obtained good results in experiments where 
fee cylinder of a small engine was kept hot by gas flames, and it 
bu been pr^piised to jacket engines with the hot gases from the 
Funiace after these have passed through the btiiliT- flues'. 

113. Influence of Speed, Size, and Katio of Expansion. 

.It is interesting to notice, if only in general terms, the effects 
.which the particular conditions of working in different engines 
may be espected to produce on the loss that occurs through 
the action of the cylinder walls. Initial condensation will 
be increased by anything that augments the range of tempera- 
Inre through which the inner surface of the cylinder fluctuates 
in each stroke, or that exposes a larger surface of metal to the 
■ction of a given quantity of steam, or that prolongs the contacts 
in which heat is exchanged. The influence of time is specially 
important; for the whole action depends on the rate at which 
be&t is taken up and given up by the substance of the metal. 
The changes of temperature which the metal undergoes are in 
every case mainly superficial; the alternate heating and cooling 
of the inner surface initiates waves of high and low temperature 
in the iron whose effects are sensible only to a small depth ; and 
the fnster the alternate states succeed each other the more super- 
ficial are the effects'. In an engine making an indefinitely large 
DDinber of strokes per minute the cylinder sides would behave like 
non-conductors and the action of the working substance would 
he adiabatic 

' Sm the Beporta of the laBl. ol MecboDioal Engineen' Beaearcb Committee 
ea tka Value at the Steam -jacket. Proe. InH. Meeh. Eng., 18S9, 1892. IBBl. 

» For Sir Donkin'i eiperimentB see Min. Proc, Innt. C. E., 1889, Vol. icTiii. 

* The lemperatore o[ the cylinder waUa has formed Uie subject of all intereBtlng 
nfcrituiaitij stud; bj Mi Bryan Doakiii. who hua eiamincd the general gradieiit 
et Isnpeiature across the walls, both with and without steam in the jacket, Seo 
IdSfEpara, mn. Proc. Intt. C. E., 1890 and 1891, also Proe. In*t. Mcch. £ng., 1885. 
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We majr ooDclode, tbes, that m geoeral an engine nioning 
s higfa ^>e«cl will hare a high«i' tbennodvnamic eSSciencjr th 
the aame engine rnnoing at a low speed, all the other conditicrai 
of working being the same in both cases. 

Again, as regards range of temperature, the inflaence of llu 
c;liader walls will be greater (other things being equal) with ti^ 
than with low pressure steam, and in condensing than in 
ccmdensing engines. 

In large engines the acti<Hi of the walls will be lees tliaa it 
Bmall engines, since the proportion of wall surface to cylindte 
volame is less. This conclusion agrees with the well-known bd 
that email engines do not readily achieve the economy that ii 
reached in many larger forms. 

Cylinder condensation is increased when the ratio of expansioik 
is increased, all the other circumstances of working being leA 
unaltered. The quantity of water formed by adiabatic condeil' 
eation is then greater, and it is on this that the whole actim 
mainly depends. Further, the metal is then brought into rath* 
more prolonged contact with low-temperature steam. The Tolooe 
of admission is reduced to a greater extent than the surface 
is exposed to the entering steam, since that surface inctnd@ tm 
constant quantities, the surface of the cylinder-cover and of tiff 
piston. For these and perhaps other reasons, we may expect iJnK 
with an enrly cut-off the initial condensation will be relatinly 
large ; and this conclusion is amply borne out by experiment. As 
important result is that increase of expansion does not, bejood 
a certain limit, involve increase of thermodynamic efficiency; whai 
that limit ia passed the augmentation of waste through the 
of the cylinder walla more than balances the increased economy 
to which, on general principles, expansion should give rise, tiA 
the result is a net loss. For this reason (as well as for tbj 
mechanical reason referred to in § 126, below) it ia not 
practice to carry expansion too far — not, in geneml, nearly so &i 
as to be complete. With a given engine, boiler-pressure, 
epeed, a certain ratio of expansion will give maximum efficieo^. 
But the conditions on which this maximum depends are probsbtj 

complex to admit of theoretical solution; the best ratio is 

iter rather for experiment. It may even happen that a 

'hich is rG<iiiired to work at a speciBed power will gi»i 

tier results, iu point of efficiency, with moderate steam-j 
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and moderate expansion, than with high steam-pressure and a 
Teiy eaily cnt-off 



114. Basalts of Ezperimentt with ▼aiions ratios of 
Sspanslon. The effect of increased expansion in augmentiDg 
the action of the sides and so reducing the efficiency, when carried 
lieyoiid a certain moderate grade, was clearly shown by the 
American and Alsatian experiments alluded to abova The 
foUowing figures (Table IIL), relating to a single-cylinder Corliss 
engine, are reduced from one of Hallauer's papers^: — 



Table XXL 



Baiiopf 

r 


Percentage of Water present. 


Consamption of 

Steam per Honr 

per Indicated 

Horse Power. 

lbs. 


At End of 
Admisftion. 


At End of 

Expansion. 


73 

9-4 

15-1 


24-2 
30-8 
37-5 


17-8 
18-6 
20-8 


17-8 
17-6 
17-7 



Here, in consequence of the amount of initial condensation in- 
creasiDg with increased expansion, a maximum of efficiency lies 
between the extreme grades of expansion to which the test 
extends, but the efficiency varies exceedingly little even through 
tliis wide range. In the American experiments the best results 
^"oe obtained with even more moderate ratios of expansion. The 

Table IV, 



Ratio of Total 
Expansion. 


Consumption of 

Steam per Honr 

per I. H. P. 

lbs. 


4-2 
6-7 
70 
9-2 
16-8 


21-2 
20-0 
20-3 
20-7 
251 



> AtO. See. InAutr. dt Mulhou$e, May 26, 1880. 
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compouod engines of the United States revenue steamer " Bocht;," 
when tested with steam in the jacket of the large cylinder, with 
the boiler-pressure nearly uniform at 80 lb. by gauge, or 95 lb. per 
square inch absolute, and the speed not gre&tly varied, gave 
results which are shown in Table IV. Here the efficiency is very 
little affected by a large variation in the position of the cat-o% 
but when the ratio of expansion becomes excessive a di&tinct loa 
is incurred. 

Again — to take a more recent instauce, and one relating to ft 
very different type of machine — trials made by the late Mr 
Willans with one of hia high-speed compound non-condensing 
single-acting engines, using steam with an absolute initial pressure 
of 130 lbs., gave the.w results (Table V.)'. 

Table V. WUlatu' Engine {yon-eondentitig) : Effect of Varying 
the Expansion, the initinl presntre and tpeed being eonttatU. 



Batio of Total 
ExpanBioQ. 


PereBBtage of Wnlar 
preMDt at end of 

admissioD in high- 
prenure cylinder. 


CoasumptioD of Steam 
p«r EouT pel I. B. P. 


4 

44 

4-8 

6-2 

56 

e 

8 


8-9 
103 

11-r 

U-2 
14 3 

18-4 
25-0 


207 
20-5 
20-35 
20-26 
200 
20-3 
23-. 



The initial condensation is comparatively small here, mainly in 
consequence of the exceptional speed (404 revolutions per minute), 
and for the same reason the economy in steam consumption is 
remarkably high for a small non-condensing engine. In another 
series of trials in which a compound engine of this type was worked 
with a condenser', and with steam at about 170 lbs. (absoluteX 
Mr Willans found a slight increase in the steam consumption 
from 14-26 to H'TS lbs. per hour per I. h. p. when the ratio of 
expansion was increased from 15J to 20; at the same time the 
percentage of water present at cut-off on the high-pressure 

■ Wiilans on Mon-CondesBing Steam -En gins Trials. Slin. Proc. Init. C. E^ I 

iShicb ises. 

■ WilUns on Steam- Engliie Trials. Min. Ftoc. Init. C. E., April 1890. 
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qrlioder increased from 31 to 37. All these results agree in 
showing that the ratio of expansion may be varied through a 
large range with but little influence on the efficiency, because the 
gain that comes of making the expansion more complete is 
ccnmterbalanced by the bad effects of increased initial condensa- 
tion. The ratio of expansion which gives a maximum of efficiency 
iB never sharply defined, and its value depends much on the initial 
Rteam-pressore and the particular features of the engine under 
tiiaL 

lis. AdTaatafe of high speed. The advantage of high 
qieed in making the action of an engine more nearly adiabatic 
hag been demonstrated by experiment. Among the trials de- 
Ktibed by Mr Willans in his earlier paper are the following two 
sets made with one of his compound non-condensing engines, in 
ike first set with an absolute admission pressure of 90 lbs. per 
aquare inch and 3*2 as the ratio of expansion ; in the second set 
with 130 lbs. preasnre and 4'8 as the ratio. In the three trials of 
each set the only condition varied was the speed. 

Tablb VI. WiUaru^ JSTanrCondennng Engine Trials: Injluence 

of Speed. 



Speed: reTolationB 
per minote. 


I. Trials with Steam of 
90 lbs. pressure. 


11. Trials with Steam of 
180 lbs. pressure. 


401 


211 


122 


405 


216 


131 


Peieentage of Water 
pntent at oat^ff in 
tbe bigfa.proniire 
eylinder. 


60 


12-6 


20-2 


11-7 


191 


29-7 


CoBimnptioii of 
Steun per Hour 
perLH.P. (Iba.) 


24-2 


25-3 


27-0 


20-3 


21-3 


23-7 



lie increase of steam consumption as the speed is reduced is 
considerable, and still more marked is the greater initial conden- 
BBtion. The same features are apparent in the trials quoted below 
(Table YIL) from an extensive series in Mr Willans' second paper ; 
they relate to a condensing engine with an absolute admission 
pressare of 90 lbs. and a very moderate ratio of expansion (4'8). 

11—2 
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Table V II. WiUans^ Condensing Engine Trials : Influence of Speed 



Speed: revolatlons per 
miniite. 

Percentage of Water present 
at cut-off in the high-pres- 
sure cylinder. 

Ck>nsumption of Steam per 
Hour per I. H. P. (lbs.) 



401 


301 


■ 

198 


8-9 


12-2 


17-9 


17-3 


17-6 


18-9 



116 



20-9 



20-0 



116. Ezperimentt on the value of the Steam-Jackei 

Abundant evidence of the advantage of the steam-jacket is give 
in Reports of a committee appointed by the Institution of Me 
chanical Engineers to enquire into the subjects Individut 
figures vary widely, but it appears that the saving usually secure 
by jackets in condensing engines is something like 12 or 15 pe 
cent. In non-condensing engines it is less. The following result 
of special trials with condensing engines are stated in the Report 

Tabt.e VJJI. Influence of Steam-jacket. 



Engine. 


Total steam per 

Hour per I. H. P. 

lbs. 


Percent- 
age less 

with 
Jackets. 


Propoi- 
tion of 
Jacket 
feed to 


Without 
Jackets. 


With 
Jackets. 


total COD* 
sumption 
percent. 


Two-cylinder oompound^. 

Two-cylinder compound K 

Triple compound ^ 

Triple compound'. 

( Two-cylinder compound*. 

Same engine run non-compound, 
the large cylinder only being used. 

Small single-cylinder* engine. 


18-2 
24-7 
17-2 
16-4 
21 -1 

321 

39 


16-6 
20O 
15-4 
13-6 
19-5 

26-7 
29 


9 
19 
10 
17 

7 

17 
25 


7 

6 

11 

12 
7 

7 



1 Proceedings Inst. Mech. Eng. 1S89, 1892, and 1895. 

* Prof. 0. Reynolds* tests. For particulars see Min. Proc. Inst. C. E,, Vol xdJ 

1889. 

» Prof. Unwin's tests : Proc. Intt. Mech. Eng. 1892, p. 460. 

* Mr B. Donkin's tests: Proc. Intt. Uteh «^- 1892, p. 464. 
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biBever&I of these cases, notably io the last, it is remarkable how 
brge a net sftving of steam is secured by a comparatively small 
DODBnmption in the jackets. In other trials of the same small 
oigine, using an earlier cut-off, Mr Donkia found that 8 or 9 per 
cent used in the jackets was capable of saving as much as 40 per 
cent of the whole steam. In this instance there was excessive-, 
initial condensation when the jackets were out of use. 

In compound engines the jackets are most effective when both 
or lUl of them are tilled with steam at the boiler pressure. la 
Prof Reynolds' triple engine trials, it was found that steam of 
the full boiler-pressure (20O lbs. per sq. inch) in all the jackets 
leduced the initial condensation in the second cylinder to about J 
oc { of the amount that occurred without jackets, made the steam 
pnctically dry before the end of expausiun in the second cylinder, 
md almost entirely prevented condensation in the third cylinder, 
Vilbuut steam in the jackets the second and third cylinder had 
hen very wet, the proportiou of water in them being abou^ 
Wper cent, of the whole. Indicator diagrams relating to these 
trials will be found in Chapter VIL 

In Mr Bonkin's experiments the temperature of the cylinder 
itself was observed at various points between the inner and outer 
SBiftce, by mean.'^ of thermometers inserted in small holes drilled 
in the metaL When the jackets were in use the mean temperature 
oFtlie metal was almost equal to that of the steam on admission; 
when the jackets were not in use it was some fifty degrees lower. 
The temperature as shown by the thermometers was nearly ' 
uniform from inside to outside; for the periodic chilling of tho 1 
innermost layer of metal by re-evaporation of condensed water I 
*U too superficial to be at all fully exhibited in this way. I 

117. Superheating. Superheating the steam before its | 
*<iniission reduces the amount of initial condensation, by lessening I 
tke quantity of steam needed to give up a specified amount of I 
Wt, and this in its turn lessens the subsequent cooling by re- J 
^Tlporation. That it has a marked advantage in this respect was I 
fiw experimentally demonstrated by Him, who found that the I 
soMnmption of steam wa-s reduced from 194 to 162 lbs. per J 
liotBe-power-hour in a condensing engine by superheating the I 
"twn some 80° Fah. On general thermodynamic grounds super- m 
EPBting has a slight advantage (§ 86) because it allows a smallj 



65^1 

OW'^H 

allB 
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part of the whole heat supply to be taken in at a higher tempera- 
ture than that of the boiler. But the indirect advantage is much 
more considerable. About the year 186U superheating was fre- 
quently used in marine practice, but it was abandoned, m^nly 
on account of difficulties in regard to lubrication. The importance 
of taking means to avoid or rather to reduce initial condensation 
was less generally understood in tho^ days than it is now, and 
with the lubricants that are now used the old objections to 
superheating have little force. 

So far as land engines are concerned, a revival in the use of 
superheated steam has now taken place. Many engines fiimished 
with superheaters are in use, with rettults which mako it probable 
that the practice will extend largely. Experiments made in 1892 
by the Alsatian Association of Steam Users on a large number 
of engines furnished with superheaters showed that superheating 
effected a saving of coal to the extent of about 20 per cent, in 
cases where the superheater was simply placed in the boiler 
flue, so that it enabled what would otheiwise be waste heat 
to be utilized, and about 12 per cent., on the average, in cases 
where the superheater was separately fired. Several of the 
engines tested were large, indicating 500 or 600 horse-power, 
and the superheating, which usually amounted to 60° or 80° Fah., 
appears to have been carried on without inconvenience. One 
of the trials, dealing with a triple -expansion Sulzer engine of 
300 horse-power, records a consumption of 146 lbs. of steua 
per I. H. p.-hour without superheating, and I1'6 lbs. wheo Uw 
steam was superheated 100" Fah. 

The following experiments made by Willans with and without 
Tablb IX. Wil/nnx' Enijine with and wit/iout Sitperk'ntin^. 



IniLial prEBsnra, lbs. |Jor 
Bq, in. abaolutH. 


4A 


as 


^^\ 


Temp, of Slenm at ail- 
miiiiioD (Pah.). 


274° 


306° 


259° 


299' 


sag- 


289° 


Amount of Superheating. 


none 


31- 


none 


40- 


none 


50* 


PBrcentoge of Wal« ■ I oul. 
ofl. 


21 


17 


24 


19 


25 


16 


Hour per I. H. P. 


26-7 


24-6 


28-9 


26-4 


300 
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Kijierh eating in a high-speed single -cylinder condensing engine 
iiitting off eteam at half stroke show that some advantage results 
nen under conditions which are not such that much advantage 
can be expected. 

Important trials of engines using superheated steam have 
bwn carried out in Germany by Prof. Schroter and Pro£ 
Gwtermuth. In one of Prot Schroter'a trials' a triple expansion 
iKtory engine indicating 1000 H. P. and supplied with steam at 
100 lbs. per sq. inch was tested with saturated steam and with 
Bt«am superheated to 420° Fah. (from a saturation temperature of 

an-Fah.). 

In the former case it oded 13'2 lbs. per L H. P.-hour, in the 
istter case only 120 lbs.* For this superheating, however, about 
M thermal units would be required, in excess of the heat taken 
npin forming saturated steam. If we assume the condensed water 
V> be returned to the boiler at a temperatiire say of 1 00° Fah., the 
heat taken in per lb. would be 1114 units without superheating 
and 1160 units with superheating. The number of thfrmal units 
(applied, per L h. p.-hour would be 14700 in the hrst case and 
13920 in the other. The efficiencies, which are found by dividing 
2515 by these numbers (§121), would be 0173 and 0183, showing 
» thermod^niamic advantage of 5^ per cent, in favour of super- 
heating. 

ProE Schrbter's aualysis of this test shows that the amount 
of the BUperheatiiig was insufficient to prevent the steam from 
beoHmng somewhat wet during admission. At the point of 
cut-off in the first <^linder the steam was nearly, but not quite 
diy, and as expansion went on in this cylinder its wetness 
increased. The advantage, such as it is, of moderate superheating 
lifs in reducing the losses which proceed from exchanges of heat 
between the steam and the cylinder walls. Although the steam 
retains its superheat until it reaches the engine, it at once falls 
to the temperature of saturation when it meets the cylinder 
walk To keep it dry during admission requires an amount of 
mperheating probably never less than 100" Fah. and often much 
"XTB, the amount that is necessary depending on the ratio 

' ZdUfhrift da Vrrtiiu dtutieher Ingenirvrc. Vol. il. 1896. 

* In MiDoiQg to Bntish mesBure the tosuUb ol leeta stated in the metrio ti^item 
ftt BDmbn of kilogTunmea per metria n.r.-hoar hua to \m multiplied by S'SSG to . 
'*>«{ il Id 11m. per Brilieh h. F.-houi, tlie metric a. f. being Q-mtiZ al a Britiflb B, f / 
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of expaD»ion ia the cylinder and on the rate at which heat it 
lost from the extenial surfaces. To keep the eteam dry duriog 
expaosioa a much higher degreo of superheat would be needed. 
Superheating, in any moderate degree, mny be regarded as r 
device for reducing the action of the cylinder walls by bringing 
the expansion curve of the indicator diagram nearer to tlie 
saturation curve (fig. 45) than it would otherwise come. In 
ordinary cases it barely makes the expansion curve come out eo 
far as to reach the saturation curve even at cut-off, and M 
expansion proceeds the interval between the two increases. The 
ideal diagram sketched in fig. 25 is widely departed fixxn in real 
superheated steam-engines, for the action of the cylinder walls in 
general keeps the whole jjrocess of expansion to the left of the 
saturation line cf. The working substance after being taken up 
the line cr before it reaches the engine, immediately comes doffu 
the line cr when it is admitted to the cylinder and before it 
begins to expand, giving up to the walla the heat (represented 
by the area under cr) which it has received in being auperheatoi 
and often going on to give up a part of its latent heat by 
becoming slightly wet. In cases where the superheat is high tb« 
steam comes only part of the way back &om r towards c before it 
begins to expand. 

118. Use of highly superheated Bteam. More stiiking 
advantages are found when steam is superheated 200 or 300 
degrees above its temperature of saturation. In the Schmidt 
engine, which is specially designed for use with high temperatuie 
steam, the steam is superheated to about 660° Fah. by passing it 
through a coil of tubes in the uptake of the boiler furnace, and 
the oonaumption ia the lowest on record in any form of steam' 
engine. 

A two-cylinder compound condensing Schmidt engine of oal^ 
74 I. H. P. was tested by Prof. Scliroter', with steam admitted at aa 
absolute pressure of 170 lb. per sq. inch after being superheated tw 
662° Fah., or nearly 300 degrees above the temperature of satura' 
tion. The steam was found to be still considerably superheated 
at cut-off in the high-pressure cylinder, and to remain superheatei 
during expansion, just becoming saturated at release, after expand" 
ing to about double ils original volume. The consumption o£ 
1 Zeitichrift del Yertiiu dtuUchtr Ingenieure, Vol. mix. IBOG. ^^^J 
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iMm, talciug the nieao of two trials, was 10*5 lbs. per i. H. p.-hour 
cd 12*4 lbs. per brake H. p. -hour. The consumption of coal was 
.■83 lbs, per L H. P.-hour and TST lbs. per brake H. P. -hour. 
iUowing for the heat taken in during the superheating, this figure 
Eonespo&ds to a thennodynamic efficiency of 020. 

Even these remarkable results have been surpassed in trials of 
K larger engine by Prof. Gutermuth', and it has been found that 
the consuinptioii of steam is in some cases barely 10 lbs. per 
E P.-hour, corresponding to an efficiency of 0'21. 

In trials by Mr Ripper' of a small non- condensing Schmidt 
engine, with varioua amounts of superheating, the most favourable 
showed a conaumptinn of 17-05 lbs. of steam with an admis- 
pressure of 132 lbs. (absolute) and 326° of superheating. 
When the same engine was supplied with saturated steam, for 
*hich it is not well adapted, it consumed altout 3S lbs. In this 
(tample the indicated H. P. was only 20 and the engine was non- 
onnpatmd. Under such conditions a consumption of 17 lbs. must 
be reckoned a very good performance. Taking account of the 
tttra heat used in superheating, the consumption represents a 
Ripply of heat equivalent to that of I9J lbs. of saturated steam, 
is some twenty per cent, less than the consumption by an 
urdinaty non-condensing engine of like size. 

119. Advantage of Compound Expansion. The most 
important means in general use of preventing cylinder condensa- 
tian from becoming excessive is the use of compound expansion. 
If the Teasels were perfect non-conductors of heat it would be, 
fion the thermodynamic point of view, a matter of indifference 
■hether expannion was completed in a single vessel or divided 
between two or more, provided the passage of steam from one to 
iHe other was performed without introducing unresisted espansion. 
In practice, indeed, the transfer of steam fiom one cylinder to 
mother during its expansion cannot be accomplished without 
nme or less of wasteful drop in pressure. But the loss that 
tbij entails is more than counterbalanced by the gain that results 
from the reduced influence of the cylinder walls, Ci.'mpound 
■orking acts beneficially by diminishing the range through which 

* XamliTlft dt, Firrdn. deuUchtr Jngrniturt, IL. 1896, pp. 1390, 1419. , 

' Hin. Prot. IdjI. C. E.. To), giitiii. IH97, p. 6a Intereetiiig Diamples will ba | 

nUdln Ibe t*pBt of entropy diagrams for aa eagiiie uaiiig superheated atesni. t I 



HTO ACTUAL BEHAVlorB OF STEAM IX THE CTLISDEB. 

the temperature tif any part of the cylinder-metal varies, 
this reaaon the aroouQt of steam initially condensed in the high- 
preisare cylinder of a compound engine is less than if admissjon 
were to take place at once into the low-pressure cylinder and the 
whole expansion were to be performed there. Further, the steam 
which is re-evaporated from the first cylinder during its exhaust 
does work in the second, and it is only the re-evapomtion that 
occurs during the exhaust from the last cylinder that is absolutely 
wastefuL The exact advantage of this division of the whole range 
of temperature into two parte, or more than two, as compared with 
expansion between the same limits in a single cylinder, would 
scarcely admit of calculation ; bat it is easy to see in a general way 
that an advantage is to be anticipated, and experience bears ou6 
this conclusion. When a compound engine is tested firet with 
compound expansion and then with the same grade of expansioa 
in the large cylinder alone it is found that more steam is required 
per horse- power- hour iu the second case. 

Thus iu the American Naval experiments the compound 
engine of the " Bache " when worked as a simple engine used 
24 Iba. of steam per L H. P.-hour, as compared with about 
20 lbs. when the engine worked compound, with the same btula 
pressure, the same total expunsion, and steam in the jacket in 
both cases. Again, Professor Unwin's tests referred to in Table 
VIII. fiimish another instance of the same thing: an engine 
taking 21 lbs. of steam per l. h. p.-hour when working componnd 
required 32 lbs. when the large cylinder only was used, no jacketa 
being then in action. With steam in the jackets the difference 
[ was rather less, for the jacket checked that excessive cylinder 
I condensation which reduced the efficiency in the non-componnd 
trials, 

The general subject of compound expansion will be considered 
more particularly in a later chapter; at present we are concerned 
with the influence of compounding on efficiency. Experience 
shows that it is only by resorting to compound expansion that the 
economical advantages of high-pressure steam are to bo secured. 
When high-pressure steam is used in a nou-compouud engine the 
waste due to initial condensation ia excessive because of the great 
range of temperature through which the metallic surfaces fluctuate 
in every stroka The necessity for compounding becomeB greater 
with every increase of boiler pressure. So long as the initial 
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are is less thaa about 100 lbs. per square inch (absolute) it 
to reduce the range of temperature into two parts by 
joying two-cylinder compound engines ; with the considerably 
pressures now common in marine practice triple expanalon 
lual, and even quadruple expansion is occasionally employed. 
Ciie advantage of three cylinders is unquestionable ; but it is 
trtfnl whether — with the existing upper limit of pressure — ^four 
idere give any further saving sufficient to make up for the 
i cost and complication of the machine. 

120;. Summary of Source! of Iiou. The principal reasons 

now been named which make the actual results of engine 
SHmatice differ from the results which would be obtained if the 
conformed in every respect to the ideal cycle of § 71. The 
ices of loss may be summarised as follows : — 

(1) Wire-drawing in admission and exhiiust. 

(2) Incomplete expansion before release. 

(3) Incomplete compression of the cmihioD steam, through 
ich the clearance becomes a cause of waste. 

(4) The action of the metallic surfaces of the cylinder and 
cau^g condensation during compression and admission, 

ii re-«vaporation during expansion and exhaust. 

(6) Badiation and aerial convection of heat from steam pipe, 
ra chest and all hot parts of the engine, including evaporation 
I other escape of heat from condensed water in the hot well. 

(8) Escape of the working fluid by leakage, and leakage of 
'into the oondensor. 

(7) Leakage of steam past the piston. 

(8) In compound engines, additional wire-drawing or un- 
ited expansion in the transfer of steam from one cylinder to 
Hber. 

If in drawing a comparison between the real engine and the 
llwe take as the lower limit of temperature that of the cold 
tef mppUed to the condenser instead of the temperature of the 
well, we have a further item, namely, the loss that comes from 
pre»»re in the condenser being higher than the pressure 
Rsponding to this lower limit. 

121. Kettaodi of rtattng the performance of Steam- 
^^■^^It remains to state a few of the best results thi^ 
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have been obtained in trials of actual engines, from which tfai 
aggregate effect of these several sourcea of toss may be inferred 
The methods used in making euch tests will be described in tl 
next chapter. 

Statements of steam-engine performance may be put in 
coDBiderable variety of ways. Comparing the work done with tin 
total heat which the working fluid takes in we may eithfl 
calculate the thermodynamic efficiency (the work done divided bj 
full mechanical equivalent of the heat taken in), or express tlu 
same idea in slightly different forms, such as by stating ibl 
number of thermal units used per indicated horse-power-honr, 
One horse-power being 33,000 foot-lbs. per minute, one horaft 
power-hour is 1,980,000 foot-lbs., the heat-equivalent of which 
2545 thermal units (taking J to be 778 foot-lbs.). 

Thus the relation between these two modes of statement 
given by the equation 

2545 



Number of thermal units used per horse -power-boUT* 

In reckoning the work done and the heat supplied it is veij 
convenient to express these quantities per lb. of cylinder feed, i 
strict reckoning of the work done in the steam-engine cycle shoald 
allow for the work spent upon the working fluid in the feed-puiD| 
(and, in condensing engiues, in the air-pump) an item whid 
however is so small that account is rarely taken of it. Take fol 
instance the case of an engine using say 16 lbs. of steam pa 
horse -power- hour, the boiler pressure being 100 Iba. absolute 
The feed-pump must return to the boiler 16 lbs, of water pa 
I. H. p.-hour and the volume of this water is 0'26 cubic feet 
The work spent upon it in transferring it from the condenser 
the boiler is therefore 0-26 x 100 x 144 or S7 44 foot-lbs., a quantit| 
almost negligibly small by the side of the 1,980,000 foot-lba 
which represents the work done by the steam. 

The most usual plan followed by engineers in stating th< 
results of trials is to give the number of lbs. of steam used pel 
I. H. p.-hour. The supply of heat is nearly proportional to 
supply of steam, and hence a knowledge of the latter gtva 
at once a good general idea of the quality of the performance 
There is very little change in the total heat of steam within th« 
range of pressure at which boilers work in practice. 
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The most uncertain element in this form of statement is the 
of the steam supply: if the boiler primes badly or if the 
m IB allowed to become very wet on its way to the engine, the 
itity of heat which is supplied in each lb. of the cylinder feed 
be seriously reduced. In an ill-designed or overworked boiler 
aroooot of priming may be serious: under fairly good oon- 
ms it ought to be less, aud is probably in general much 
, than 5 per cent, of the whole supply. Unfortunately the 
of priming is diEEcult in any case to determine accurately 
experiment. 

When the boiler pressure, the feed temperature, and the 
of the supply are known, it ia practicable to treat the 
lodynamic cycle as a whole and to calculate precisely how 
heat is taken up by each lb. of steam. But even without 
this calculation a mere statement of the number of lbs. of 
used per horse-power- hour is enough to allow a good 
lent to be formed on the comparative results of different 
gine performances, so long as ateam is supplied in the aaturated 
te, and it has the advantage of putting results in a way that is 
f to appreciate and remember. 

Tie statement of results in lbs. of steam per t H. p.-hour is 
rever e)>ecially open to objection when we have to deal with 
eiiieated steam, since the whole supply of heat then depends 
the extent to which superheating ia carried. It would be 
ireaient if the practice were generally followed of stating 
alts in terms of the number of units of heat supplied per 
LP,-hour'. In cases where n the number of Iba. of steam 
■ L H. P.-hour is stated, and where data are furnished for 
lealating Q the beat jier lb. of steam {taking account when 
d be of priming or of superheating) the number of thermal 
its per I. a. P.-hour is nQ, and ia equal to 2545 divided by the 
ci«Dcy of the cycle. 

iSH. Efficlenc7 of boiler and flimace, "Duty." None 
iheoe modes of statement include the efficiency of the boiler 
d fiimace. The performance of a boiler is most usually ex- 
by giving the number of pounds of water at a stated 
iture that are converted into steam at a stated pressure by 
it ftiMiee U reoonuuended by a oommittee of the Inst, of Civil Enipiieen. 
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the combustioD of 1 lb. of coaL The temperature commoiilj' chosea 
ia 212° F., and the water is suppostid to be evaporated under atmo 
spheric pressure; the result may then be stated as so many poundl 
of water evaporated from and at 212° F. per lb. of coal. But 
term " eSJciency" may also be applied to a boiler and fiiniaei 
(considered as one apparatus) to express the ratio of the heal 
that ia utilized to the potential energy that is contained 
the fuel. This ratio ia, in good boilers, about 07. Thus, fal 
example. 1 lb, of Welsh coal contains about 15,500 thermal 
of potential energy, an amoimt which is equal to the heal o( 
production {L) of about 16 lbs. of steam from and at 212°. Ia 
practice, however, 1 lb. of coal serves to evaporate only about 11 
lbs. of water under these conditions, or about 9*5 lbs when tb* 
feed-water enters, say, at 100" F. and the absolute pressure 
100 Iba. per square inch. 

The eflSciency of the engine multiplied by that of the funiHe 
and boiler gives a number which expre.sses the ratio of ifie 
heat converted into work to the potential energy of the fuel,—* 
number which is, in other words, the efficiency of the system of 
engine, boiler, and furnace considered as a whole. Instead, 
however, of expressing this idea by the use of the term efficiency, 
engineers are rather in the habit of stating the perfonnanM 
of the complete system by giving ihc number of pounds of coal 
consumed per horse-power- hour. It must be borne in mind that 
this quantity depends on the performance of the boiler as much 
on that of the engine, and that the difiference in thermal valae 
between one kind of coal and another makes it, at the bust, a roi 
way of specifying efficiency. It is, however, an easy quantity to 
measure ; and to most users of engines the amount of the coal-bill 
is a matter of greater interest than any results of thermodynatnic 
analysis. Still another expression for engine, boiler and furnace 
performance taken Jointly, similar to this last, is the now obsolete 
term "duty," which is the number of foot-pounds of work 
for every 1 cwt. of coal consumed. Its relation to the poi 
coal per horse- power- hour is thb — 

112x331)00x60 

^"Number of ibs. of coal per i, H. P.-hour' 
A good two-cylinder compound condensing engine of large siWi 



supplied by good 



power- 



■hour ; its ' 



boilers, con.sumcs about 2 lbs. of coal ^ 
duty" is then about 110 millions. 



' obsolete 
ork done! 



r horae- 
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In the best examples of modem triple-expanedon engines 
le oansamptian of coal is about 1^ lbs. per horse-power-hoor, 
laking the ''daty" about 166 millions. 

128u Bemlti of Trials : Non-Condensing Engines. The 

oDowing are some representative results obtained in carefully 
peifonned trials of good engines. 

In PE^jard to non-condensing engines there are comparatively 
bw records beyond the extensive series of tests by Willans on the 
ipecial tjrpe of high-speed single-acting engine invented by him. 
Teste by Mr Elmery of the single cylinder engines of the U. S. 
Steamer ** Gallatin " included some non-condensing trials in which 
die coDsumption of steam was 25*9 lbs. per i. H.P.-hour with 
jackete in use and 30 lbs. without jackets^ The ratio of ex- 
pansion vras a little over 4, and the boiler pressure 70 lbs. by 
gaage. With the condenser in use, and the jacket, the consump- 
tiim fell to 20*5 lbs. In tests by Mr J. W. Hill' three engines 
each with a single cylinder^ with valves of the Corliss type, working 
at about 140 horse-power, without jackets, with a boiler pressure of 
98 lbs., making 75 revolutions per minute, and cutting off steam 
at about ^ of the stroke, required 25*9, 24'9 and 23'0 lbs. of steam 
per L H. P.-bour respectively when worked non-condensing, and 
209, 19*5 and 19*4 Iba when worked condensing. 

It appears then that under such conditions 24 lbs. of steam 
perL H. p.-hour is a good performance for a non-condensing engine. 
It IB interesting to compare this with the supply that would be 
lequired if the ideal conditions of § 71, including complete adia- 
liatic expansion, were realized. In that case the amount of work 
obtainable from 1 lb. of steam is given (§ 79) by the equation 



Tr = (T.-T.)(l+^j-T.log.^\ 



With a boiler pressure of 96 lbs. by gauge the temperature is 
335" F. and r^ is 796. Since steam escaping to the atmosphere 
baa the temperature 212'' F. xg is 673. By the table in the 

appendix — , which is ^, — <(>„, is 1*106. We therefore have 

Tr=(796-673) (1 + 1106) - 673 log. 1183 
= 259 - 113 = 146 thermal units. 

^ See Peftbody*s Thermodynamics of the Steam-Engine, p. 272. 
* iM. p. S68. 



170 ACTUAL BEHAVIOUR OF STEAM IN THE CTLINDER. 

To produce one horse-power-hour, which is equivalent to i 
thermal units, we should therefore, under these ideal condit 

require ^ or 17*4 lbs. of steam, instead of the 24 lbs, o 

which are actually required in these (exceedingly good) perf( 

ances. In other words, the actual engine, at its best, succeed 

doing 73 per cent, of the work which it would be able to c 

none of the sources of loss existed which were enumerate( 

§120. 

The same comparison may be made in this slightly diffe 

form. Since 24 lbs. of steam are used per H. p.-hour, each pc 

2545 
does an amount of work which is the equivalent of ^ or 

thermal units, instead of the 146 units which it would do 
went through the ideal cycle. 

Again, we may consider the thermodynamic cycle as a w 
and compare it either with the ideal of § 71, or with the pei 
cycle of Camot. To do this something must be knowi 
assumed as to the temperature of the feed-water, and we 
take the most favourable possible case, namely that in which 
escaping steam is collected at 212"^ F. as water and is retu 
to the boiler. In that event the heat taken in per lb. of st 
would be 

JTi - A, = 1184 - 180 = 1004 thermal units. 

The work done per lb. of steam when 24 lbs. are used 
horse-power-hour is 

2545 



24 



= 106 thermal units. 



lOfi 
The efficiency is therefore -rTwri = 01056. 

Compare this with the ideal of an engine having adia^ 

expansion, but without adiabatic compression. Its effici 

146 
would be YoTiX ^^ 0*145. The actual engine, as we have 

realises 73 per cent, of this. 

Again, compare this with the efficiency of an engine folio 
Carnot's cycle, namely 

Ti-T, 796 - 673 ._^ 
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Dce the actual engine's efliciency is G8 per cent, of that of a 
ermodjiiiaiiucaUy perfect engine working between the same limits 
temperature, if we BUppoae the exhanst eteam to be condensed 
atmospheric pressure and returned to the boiler without loss 
heat on the way. The standard of comparison here is of course 
fferent from the one just used ; the calculation of W from 
(tiation (7) or (8) of § 79 may be said to afford a fairer means 
contrasting what a steam-engine might do with what it does. 
The important experiments carried out by Willans on high- 
md engines of a special type, to which reference has been 
leaily made, included oon -condensing trials both of single - 
rUnder and of compound engines'. With a small non-com- 
mnd single-cylinder engine making 400 revolutions per minute 
best result that is recorded was 26 lbs. of steam per indicated 
le-power-hour, which was obtained when the mean absolute 
ressure during admission was 100 lbs. per square inch and the 
ilio of expansion was about 4^. Higher efGeiencies were reached 
1 compound trials made at the same speed. With a boiler 
reasure of 100 lbs. per square inch above the atmosphere the 
Huponnd engine took 23 lbs. of steam per horse- power- hour. 
<\ 133 lbs. per square inch in the boiler the consumption fell 
J 20'35 lbs. in one trial, and 2075 in another. At 165 lbs. per 
qnare inch in the boiler it fell as low as 1914 lbs. in two trials, 
id was under 1 92 lbs. in two others. Even these very remarkable 
«niltB were surpassed in a few triple-expansion trials, when on 
■iaing the boiler pressure to 172 lbs. per square inch the con- 
niption of steam per horse -power- hour was reduced to 18'5 lbs,, 
the mean of three independent and closely accordant measurc- 
nenta. All these figures refer to non-condensing engines. 

Taking this last record the quantity W, calculated as above 
irom the equation in § 79, is 183 thermal units. The actual 
•ngine got an amount of work out of each lb. of steam equivalent 

-TTTc or 138 thermal units, which is 75 per cent, of If. In most 

•fihe trials at lower pressures the proportion is about the same. 

124 K«*alts of Tilalf : Condeniinf Enginei. A great 
nniaber of good experiments on condensing engines have b- 

1 ifin. PiMC. Iiul. C. S. toIb. xciii. and xovi. 
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published: we must be content to give brief references only to 
ft few. 

Taking single-cylinder engines firet, Mr Mair-Rumley's tests' 
of slow steam-jacketed engines, making 20 revolutions per minuts 
and working at about 12U horse-power, show that vintti a pressure 
of 45 lbs. by gauge in the boiler the consumption of steam need 
not exceed 22 lbs. per i.H.p.-hour: in one case he records s 
sumption of 21S lbs. under these conditions, These figures conrft. 
spond to a thermodynamic efficiency of O^IO. In Mr Hill's 
of faster Corliss engines the consumption was from 194 ia 
20"6 lbs. with a boiler pressure of OG lbs. by gauge. Mr WillW 
trials of one of his small high-speed single-cylinder engine^ 
working with a condenser, gave 222 Iba. with a steam-chest 
pressure of 100 lbs. per square inch above the atmosphei^ 
increasing to 30 lbs. as- the- pressure was lowered to aboat 5 
per square inch. 

Passing to compound engines, Mr Mair-Rumlcy's tests d 
that in three examples of steam-jacketed engines of about 194 
horse-power, making about 25 revolutions per minute, the 
sumption of steam with a boiler pressure of 60 to 63 lbs. by 
was 155, 15'1 and 148 lbs. per i. H. P.-hour, In these eaa 
steam was expanded about 14 times, and with this high ei 
and slow speed the advantage of the jacket was very conspic 
These figures correspond to a thermodynamic efficiency nogu| 
from 0'14 to 0'15, and in view of the comparatively low pi 
used must be ranked as exceptionally good results. 

To compare these and other results of condensing tests wSl 
the performance "theoretically" possible we may take 100°] 
as a standard lower limit of temperature ; this is in fact about ti 
usual temperature at which condensation takes place, and it 
convenient to have a lixed standard. Values of W calculated b] 
equation (7) of § 79 on the assumption that this is the Is 
limit are given for various absolute initial pressures in Table 
(§ 125). They will be found useful in comparing the actual iriti 
the ideal performances of condensing engines. 

In the best of the experimental results which have just been 
quoted the absolute boiler pressure was 76 lbs. per square ioch, fia 
which W is 274. The work actually done per lb. of steam 
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JOT 172 thermal units, which is not quite 63 per cent, of 1 

sboald be noticed that this ie a. distinctly smaller fi-action of t1 
'theoretical" work than is realised in the best non-condensi: 
biata This, indeed, is a genei-al characteristic of the performance 
ef coudt-uslng lingincs : it rarely reaches even 60 per cent, of W, 
vbereas 75 per cent of W has been reached in non-condensing 
tnala. The condensing steam-engine is leas able to take full 
iidTButage of the lower part of its temperature range, for there is 
^greater difficulty in making the expansion approximately com- 
[iele. Further, the greater range of temperature in condensing 
a^es augments the prejudicial action of the cylinder walls. 

The next example is a trial by Professor Unwin of a Worth- 
ington ■■ High Duty" pumping-engine at West Middlesex Water! 
Works' — a compound direct-acting steam-pump with 
»1m], si«am-jacketed, and making about 17 double strokes ] 
ainate. Two tests were mode in which the absolute boileq 
pressure was 90 and 75 lbs. respectively, the indicated horse-pow«^ 
bong 296 and So6. The total consumption of steam was 17*4 
Md 177 lbs. per indicated horse -power-hour. For these p 
tbe raluea of W are 285 and 273i. The fraction of W actualljfl 
AtuDed was 51 and 53 per ccut. The thermodynamic efficiency^ 

Tests of a compound pumping-engine of 250 horse-power 
(Leafitt) at the Boston Main Drainage Works', making 13 revo- 

I lutions per minute, with an absolute boiler pressure of Hi lbs, 

.faef\. inch, and steam-jacketed, showed a consumption of 13'9 lbs. 

!af steam per indicated horse -power-hour in one trial and 142 Iba 
iooQother. Taking I-i-05 as a mean result, the amount of work 
got for 1 lb. of steam was 181 thermal units. This is GO per cent. 
of W. The thermodynamic efficiency is 0'16. The consumption 
of coal was measured in the two trials, and was found to be at the 

ute of 133 and 135 lbs, per indicated horse-power-hour — figurea 

irliich show that the performance of the boiler was on the same 

\u^ level with that of the engine. 

An important contribution to this subject will be found lu the 

Beports of Marine Engine Trials made by a research committe 

* Eifinerrint, Dec. 1888. 
y-;^ SmtmSte, Ci^E»g. 1881, « Scabodj'i Thermadymuniet qfUuBl 
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of the Institution of Mechanical Engineers under the chairmi 
ship of Professor Kennedy'. These tests deal with large engii 
of modem construction and include several esamples of the trif 
expansion type. The performances are not equally good 
all cases: the best of those recorded up to 1892 was made 
a trial of the triple engines of the "lona," of 650 H. P. T 
high-prossnre cylioder only was jacketed. The absolute bw 
pressure was 180 lbs. per sq. inch. It was found that 13'35 lbs. 
steam and 1*40 lbs. of coal were used per indicated horse-powi 
hour. The work done per lb. of steam was therefore equival* 
to 191 thermal units, which ia 58 per cent, of W. The them 
dynamic efficiency of this performance is nearly 017. 

Professor Osborne Reynolds has published an account a 
discussion of trials mode with the experimental triple-expsnsi 
engine of the Whitworth Engineering Laboratory at Ow( 
College, which yielded some remarkably good results'. Wi 
steam in all the Jackets, a boiler pressure (absolute) of 207 lbs. [ 
sq. inch, these engines, running at about 300 revolutions | 
minute and indicating 72 horse-power, took 12'68]bs. of steam | 
indicated horse-power-hour, and the consumption of coal « 
1'33 lbs. This makes the work done per lb. of steam equal to S 
thermal units, which is 59 per cent of W. The thermodynan 
efficiency is 018. Small as these engines are a better perfonnai 
ha.'' hardly ever been recorded. 

Reference has already been made to the important series 
trials made by Willaos, which gave results almost equal to t 
last. In several of his triple -expansion condensing trials 1 
recorded consumption of steam is below 13 lbs., and in one it 
only 12'741b8. per indicated horse- power- hour. This waa with 
absolute steam-chest pressure of 185 lbs. per square inch (1 
boiler pressure, which must of course have been somewl 
higher, is not stated). The engine made 375 revolutions ] 
minute and had no jackets. Each pound of steam gave i 
thermal units of work, and if we take the steam-chest press' 
aa the upper limit in reckoning W, this is quite 60 per a 
of the " theoretically " possible quantity. If we were to ti 

' Proc. Intl. Mech. Eng. from 1889. The trials ot the '> lona " were teportt 
April, 1891. For a summaiy of reenlta of tbftt aod otbet triale see tha Bepoi 
May, 1893. 

' JW/n. Proe. ;n«(. C. ;!.,Dec. 18B0. ^^^ 
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boiler pressure, as has been done in other cases, the realised 
ircentage of W would still be close on 60. The thermodjnamic 
ly is very nearly 018. 
ighout the two-cylinder compoimd condensing trials made 
the work done per lb. of steam was generally, at the 
speeds, from 50 to 55 per cent, of W. The least con- 
ion of steam in them was 1426 lbs. per indicated horse- 
power-boar, which was reached when the steam-chest presauro 
approximately 175 lbs. Hence it corresponds to o4 per cent. 
oflT. 

Hr Donkin cites a number of exceptionally good results 
BbUtined in trials of the "Sulzer" engine by Professor Sehroter 
ud others'. Profeesor SchrOter's trials show that a triple- 
eipuisian engine of about 200 horse-power, using steam with an 
tbsolute pre.ssure of 171 lbs. per sq. inch, with jackets, consumed 
only 122 lbs. per indicated horse-power-hour exclusive of water 
cowleosed in the steam-pipe, and 12*56 lbs. when this condensed 
naler was included. Taking the former 6gure the yield from each 
pound of steam was the mechanical equivalent of 208 thermal 
units, and since H' was 326, this amounts to nearly 64 per cent.. 
which is unusually large for a condensing trial. The 
lamic efiGciency, whether account be taken of the water 
in the steam-pipe or not, is over 0'19. 
another trial by Professor SchriJter of a triple -expansion 
SdIwt engine of 600 horse-power, the consumption of steam was 
12'55 lbs- per indicated horse-power-hour, the absolute pressure 
of the steam being 160 lbs. per sq. inch. In two-cylinder 
ci)in)iound engines of the same type the consumption is stated to 
be 148 lbs. per indicated horse-power-hoiir, as the mean of ten 
tiperiments made at pressures generally ranging from 100 to 
105 lbs, (absolute). A single-cylinder Sulzer engine of 300 horae- 
power tested by Professor Linde consumed 19 lbs. of steam per 
■power-hour when the boiler pressure was 105 lbs. (absolute), 
Iliis implies a yield etjual to 43 per cent of W and an efficiency 
frl2. 

Table X. is a summary of the more important results which 
ve been quoted for condenaiug- engine triah, using saturated 
Results obtained with superheated steam have already 
quoted in g 117 and 118. 

I'lu Eixginetr and Engitteering, laa. 15, 1693. jy 
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Table X Resutta of Triah of Condensing Engines, 



Type of Engine. 


Absolute boiler 

pressure 
lbs. per sq. inch. 


Steam used 

per hour 

per I. H. P. 

lbs. 


Percent- 
age of ^ 
realized. 


dynamie 
Efficiency. 


Single-cyl. beam pumping 
engine (Mair-Bumley). 

Single-cyl. Corliss engine 
(Hill). 

Single-cyL Solzer engine 
(Lmde). 

Two-oyl. oompoand beam 
pumping engine (Mair- 
Bumley). 

Two-cyl. oompound Worth- 
ington •* High Duty " 
pumping engine (Unwin). 

Two-cyl. compound pump- 
ing engine (Leavitt). 
(Mean of two trials. ) 

Two-oyl. oompound high- 
speed single-acting engine 
(Willans). 

Triple marine engine of 
S.S. "lona" (Kennedy). 

Triple experimental engine 
(iteynolds). 

Triple high-speed single- 
acting engine (Willans). 

Triple Sulzer engine 
(Schrdter). 


59 
111 

105 
76 

75 

190 

114 

180 (about) 

180 

207 

190 (about) 

171 


21-3 
19-4 

19-0 

14-8 

17-7 
17-4 

14-05 

14-26 

13-35 
12-68 
12-74 
12-2 


46 
44 

45 

63 

53 
51 

60 

54 

58 
59 
60 
64 


Oil 

012 

1 

0-12 

0-15 

0-13 
013 

0-16 

0-16 

0-17 
0-18 
0-18 
0-19 



To these may be added an interesting trial by Mr Tk 
Longridge ^ of a two -cylinder compound slow-running condensing 
engine supplied with steam at a pressure exceptionally high fc 
such an engine, namely, 148 lbs. per sq. inch (absolute). Bofc 
cylinders were jacketed with steam at the admission pressure, a 
was also the intermediate receiver. This with the slow running c 
the engines (34 revolutions per minute) served to keep the stear 
comparatively dry during expansion rates. Taking the second c 



1 Chief Engineer's Report of the Engine, Boiler, and Employers* Liability It 
sirrance Co., 1895. 
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y trials the wetness in the high-pressure cylinder was only 
per cent.) at cat-off, and 11 per cent, at release, although the 
t-off occurred at about one-sixth of the stroke. In the low- 
essore cylinder the wetness was 22 per cent, at cut-off and 
i per cenl at release. The indicator diagrams taken in this trial 
re shown in Fig. 47 for the high-pressure cylinder and Fig. 48 




^o. 47. 




Fxo. 48. 



kt the low-pressure cylinder. A large total ratio of expansion 
^ secured by giving the secx>nd cylinder four times the volume 
of the first, and by cutting off steam early in the high-pressure 
stnke. The engine developed 221 i. H. p., and the consumption of 
>teani, as measured by the condenser discharge together with the 
jacket drains, was 12*82 lbs. per i.H. p. hour. The number of 
thermal units used per l. H. p. hour was 14700, and the e£Scier 
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was 017, The work done wag the equivalent of 198 thermai 
units per lb, of steam, which is about f)2 per cent, of W. Of th« 
whole supply of steam the jackets took nearly 8 per cent. These 
results are nearly, though not quite, as good as those which hxn 
been reached in the best triple espansion engines. They shoir 
that in favourable cases an engine with two cylinder may iii> 
practically as well as an engine in which the complication of a 
third cylinder has been introduced. 

§ 126. Standarda to be used fbr comparison with the 
remit* of teita. In quoting the foregoing results of ttsU 
comparison has incidentally been made with certain ideal thermo- 
dynamic processes. It may be well to consider more porticularif 
what are the various ideals which may be set up as standards ia 
the criticism of the performance of real engines'. 

Taking the cycle as a whole, from hot well back to hot well 
through feed-pump, boiler, engine and condenser, we may find the 
efficiency in a real performance (or alternatively the heat unite 
supplied per horse-power- hour), and com[iare that with the cor- 
responding quantity iu an ideal cycle. 

The ideal may be the perfect cycle of Camot or it may be 
the less exacting standard which is frequently described as tbe 
cycle of Clausius (§ 71). the cycle, namely, in which the substance 
suffers complete adiabatic expansion, but k returned to the boiler 
without having its temperature raised by adiabatic compressiou. 
Referring to the entropy diagram of Fig. 23, the cycle of Clausius 
is represented (for initially saturated steam) by the figure (dxda; 
and for superheated steam by the figure aborsa of Fig. 25. 

Of these two ideals, the cycle of Clausius furnishes the more 
useful standard, as coming nearer to the conditions which mutt 
hold even in the very best steam-engine. Feed heating bjr 
adiabatic compression is never practised, and may fairly be said to 
be impracticable. In a real steam-engine, the more perfectly ire 
can prevent incidental losses due to external conduction and 
radiation, to the action of the cylinder walls, and to irreversible 
movements of the steam such oa are caused by wire-drawing or by 
imperfect expansion, the more nearly do we come to the Clausius 



> For A farther diMUMion of this ■nbjeot reference may be made t( 
Captain Saukey, ifin. Pnc. Init. C. £., Vul. nx\. IdUS, p. 1^3. 
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bd«at Moreover for superheated steam the Camot cycle is 
iniippropriate, for it fails to take account of the fact that the 
flubstance must take in heat below the top of the temperature 
nnge. 

lu the Clausius cycle, as in the Garnot cycle, the ideal 
efficiency is conditioned, for saturated steam, by the limits of 
ttxiperature at which steam is produced on the one hand and 
cuadcDsed on the other. To calculate the Clausius efficiency for 
superheated steam we must, in additiou, know the temperature of 
superheating. 

Taking the case of saturated steam, if the object of the oom- 
parisun is to see what efficiency could be reached by taking the 
fullest possible advantage of the available range of temperature, 
ibe Ciausius cycle should he calculated with the boiler tempera- 
liiK an the upper limit, and the temperatupe at which condensing 
Tai«r is supplied as the lower limit. The real performance 
nil lall short of this ideal, first, because the steam wastes heat 
on ite way from the boiler to the engine ; second, because it fails 
to utilize heat in the best possible way within the engine itself 
through the action of the cylinder walls, and through imperfectly 
re»sl«d expansion ; and third, because the condenser is imperfect, 
fix pressure under which the steam is condensed being higher 
tbin would correspond to the temperature at which the condensing 
water is supplied. It is not possible strictly to separate these 
swrcea of loss. It is evident, however, that if we wish to avoid 
Ditkiog the engine suffer for the faults of the steam-pipe a 
f^r value of the Ciausius standard will be got by taking as 
upper limit the temperature of the (saturated) steam just before 
'ts admission to the engine, say at the engine stop-valve. Again, 
if We wish to avoid making the engine proper suffer for the faults 
of the condenser, a fairer lower limit will be the temperatui'e 
*ithin the condenser, or the temperature of the steam ia the 
Wbaust pipe. This will differ in different cases: as a rule it is 
"ot far from 100° Fah., and that temperature has been adopted in 
*0(ne of the preceding calculations of the work W ideally obtain- 
able from the steam. 

Table XL has been calculated with this as the lower limit* 
luming the Ciausius cycle to be followed ; and the values there 
*tttted have been used in Table X. for comparison with the actual 
*«ault of trials. 
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Table XL Wori thearetieaUy oblainahle from one lb. of SaturaH 
SUatn, unl/f complete ailiabalie erjMtuion, atsuming the lovoer lifn 

nf tinipemliire to be 100° FaA. 



ALiHulute pre as are 




Abaolate preesure 




of -apply 
11m. per tq. uioh. 


Thermal CDit>. 


lb. '^'"'Lh 


Thernul Units. 


50 


248 


135 


311 


55 


351 


140 


313 


60 


259i 
264 


145 


315i 


65 


150 


318 


70 


269 


156 


320 


TS 


SI 


160 


322 


80 


165 


324 


85 


3814 


170 


326 


90 


285 


175 


328 


95 


2881 


ISO 


329} 


100 


292 


185 


331 


105 


295 


190 


333 


UO 


298 


195 


334 


115 


301 


200 


336i 


120 


3031 


205 


337 


125 


306 


210 


33Si 


130 


308^ 


215 


340 



126. Mechanical Efficiency of the Engine. All iheM 

figures refer to the indicated horse-power, — to the work dons 
upon the piston by the steam. But as the object of a stesn- 
engine is to drive some other machine or machines it is importADt 
to recognise the distinction between the indicated work done in 
the cylinder and that (juantity of work (always Braatter) which tbs 
engine does against external resistance. Say that the engine i*. 
aet to work against a brake, the "brake horse-power" or "efifoctirt 
horse-power " will be less than the indicated horse-power byrt 
amount which represents the expenditure on friction of one fciift 
and another in the mechanism of the engine itself. The ratiorf 
the one to the other is the mechanical etficiency of the eni 
In ikvourable cases the mechanical efficiency ia about 0*85 
other words, some 15 per cent, of the indicated work Is iiiefifoctiffi 
being spent on friction within the engine. Occasionally tl* 
mechanical efficiency may approach 0'9 ; in general, however, it u 
a got)d deal less. When a steam-engine i,s directly employed to 
drive a dynamo, the comparison is oflen made between the electriw 
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mtpat and the indicated work ; in that case the efficiency of 
IfiodrriaiDo is of course involved as well as that of the engine asa 
iDuim. Similarly in dealing with pumping- engines, the 
snnparison is usually made between the indicated work and the 
wrt usefully applied by the pump — this latter being determined 
V llifi Volume and pressure of the fluid delivered. Here again 
tt>e mechanical efficiency of the pump and of the engine are both 
bvoked. 

In the Worthington engine trials referred to above the output 

iflbepump represented 8t to 85 per cent, of the indicated work 

done by the steam. In the Leavitt trials also it was 84 per cent. 

Professor Reynolds's tests, when the engine was loaded by 

naag of brakes, the brake horse-power was 82 per cent, of the 

power in the most favourable instances. 

With a given engine running at a given speed the work 

Hjicnded in driving the engine itself is usually a nearly constant 

luiiitity. whether much or little effective work is being taken off. 

lence the mechanical efficiency is reduced when the load on the 

agine is lightened. We shall have occasion in the next chapter 

revert to this subject and to describe means of finding and 

'stating the loss which the energy suffers in its transmission 

broiigh the mechanism. 

The consideration of mechanical efficiency furnishes a me- 
tuiical reason for not carrying the expansion of steam in an 
igine cylinder so far as to be complete — a reason which is 
ilirely independent of the augmented condensation referred to 
i§U3. If the "toe" of the indicator diagram be extended to 
ie limit of complete expansion, the latest portion of the stroke is 
leflective. and worse than ineffective, so far as external work is 
meemed. Though the area of the indicator diagram is some- 
bat increased the work done outside is diminished. Loss of 
lective work begins as soon as the expansion is carried further 
a limit at which the pressure on the piston is just able to over- 
the friction within the engine. So far as brake horse-power 
CDncerotxl it is a positive advantage to cut off the toe of the 
iagram by letting the steam escape from the cylinder as soon as 
limit has been reached. For the same reason it is obviously 
toy wasteful to make the expansion more than complete, in other 
nda to bring the pressure below the pressure of discharge and 
)p at the toe of the diagram. 



188 ACTUAL BEHAVIOUR OF STEAM IN THE CVLINDER. 

127. Curve of Expanilon to be aHumed in ertlmattng 
the probable Indicated hone-power of steam-englnei. 

Largely aa the exchanges of heat between the working sub- 
stance and the cylinder alTect the consumption of steam, their 
influence on the form of the expansion curve is but slight Id 
practical caaes the curve is never very diEFerent from a rectanguhr 
hyperbola. The simple supposition that the pressure during 
expansion variea inversely with the volume will answer suffi- 
ciently well in forming conjectural indicator diagrams for such a 
purpose as the estimation of the probable power to be exerted 
by an engine of given size, when the speed, the initial pressure, 
the back-prefisuro and the ratio of expansion are assigned. 

If there were no clearance, if the full pressure of supply.pi, 
were maintained during the admission, if the cut-off and release 
were perfectly sharp, if the expansion contioued to the very end 
of the atrolte. and if there were a uniform back pressure pi 
without compression, then the assumption that the curve o( 
expansion may be treated as a common hyperbola would make tha 
mean effective pressure equal to 

j i.(l + log.r) 

r '*' 

where r is the ratio of expansion, namely, the ratio which the 
whole volume of the stroke bears to the volume that is swept 
through up to the point of cut-off. To show ihis, we may express 
the area of the indicator diagram as 

p,v,+ l pdv~pi,v^ 

where ti, and o, are the volumes at cut-off and release respt-ctively, 

BO that r =■ - . 

Since by assumption pv at any point in the expansion =PiVi, 
the areaia 

=;),tp.(l + log,r)-p6ti,. 

The moan effective pressure is found by dividing the area by e,^ 
when the formula given above is obtained. The same formula! 
would be applicable to compound expansion, r being interpretedi 



4 
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m the final ratio, if the further condition were satisfied that there 
thoald be no loss of pressure during the transfer of the steam 
from one qrlinder to the next. 

Id practice, of course, these conditions are not fulfilled, and the 
general result is to make the actual mean efifective pressure pm 
lev, in a proportion which is sometimes stated by the use of a 
coefficient e; thus: 



,,,,| p.(lH-log.r) _^| 



The diagram factor, as Professor Unwin^ has called e, is a 
number less than unity, which may be estimated as a matter of 
experience fix>m the results given by other engines of like types, 
wofking under more or less similar conditiona 

> Tki Pnetieal Engineer, Jane 17, 1892. See also remftrks by Mr C. H. Wing- 
Add, Min.J^roe. In$t.C. £., VoL cxiv. p. S8, and Engineering, Oct. 20, 1898. 



CHAPTER VI. 

THE TESTING OP STEAM-ENGINES. 

128. The Indicator. In this chapter we have first ta 
describe the ordinary process of taking indicator diagrams, whether 
for the purpose of finding the horse-power of an engine or of 
examining the action of the steam ; then to speak of those further 
measurements that have to be made when the thermodynamic 
efficiency of the engine is under trial ; and finally to mention a 
method of finding the brake horse-power which, by comparisoa 
with the indicated power, gives the mechanical efficiency. The 
indicator diagram, apart from its use in determining power, is 
invaluable as an index of what is going on within the cylinder. 
It shows the time and manner of the four events of the stroke, 
namely, the admission, cut-off, release and compression, which 
together make up what is called the " distribution " of the steam 
it detects faults in the setting or in the working of the valves aD< 
suggests changes by which the distribution may be improve<: 
When the information which it gives is supplemented by a kna^ 
ledge of how much steam is passing through the cylinder p^ 
stroke a complete analysis of the action becomes possible; t-l 
wetness of the steam at any stage may then be determined, - 
well as the exchanges of heat that take place between the stea^ 
and the cylinder walls. 

The indicator, invented by Watt and improved by M'Naug'^ 
and by Richards, consists of a small steam cylinder, fitted with 
piston which slides easily within it and is pressed down by a spir* 
spring of steel wire. The cylinder of the indicator is connected fc 
a pipe below this piston to one or other end of the cylinder of tfc 
engine^ so that steam from the engine cylinder has tree access acp 
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the piston of the indicator consequently rises and falls in response 
to the fluctuations of pressure which occur in the engine cylinder. 
The indicator piston actuates a pencil, which rises and falls with it 
and traces the diagram on a sheet of paper fixed to a drum that is 
caused to turn back and forth about its axis through a certain 
angle, in unison with the motion of the engine piston. In 
M'Naught's indicator the pencil was directly attached to the 
indicator piston, in Richards's the pencil is moved by means of 
a system of links so that it copies the motion of the piston on 
a magnified scale. This has the advantage that an equally large 
diagram is drawn with much less movement of the indicator 
piston, and errors which are caused by the piston's inertia are 
consequently reduced. In high-speed engines especially it is 
important to minimize the inertia of the indicator piston and 
the parts connected with it. In Richards's indicator the linkage 
employed to multiply the indicator piston's motion is an arrange- 
ment similar to the parallel motion which was introduced by 
Watt as a means of guiding the piston-rod in beam engines. 
In several recent forms of indicator lighter linkages are adopted, 
and other changes have been made with the object of fitting the 
instrument better for high-speed work. One of the best of these 
modified forms of Richards's indicator is that made by the Crosby 
Company, which is shown in figs. 49 and 50. The pressure of 




Fio. 49. Crosby Indicator. 
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steam in the engine cylinder raises the piston F (which is shown I 
in section in fig, 50), compressing the spring above it and c 




Fio. 60. Croab; Indic&tor. Sectional vii 



the pencil to rise in a nearly atmight line through a distance pro- 
portional, on a magnified scale, to the compression of the spnngi 
and therefore to the pressure of the steam. At the same time the 
drum D, which carries the paper, receives motion through the cord 
C from the cross-head of the engine. Inside this drum there is 8 
spiral spring E which becomes wound up when the cord is pulWi 
and serves to turn the drum in the reverse direction during tbe 
back stroke. The cap A of the indicator cylinder has holes m it 
which admit air freely to the top of the piston, and the piston hiu 
room to descend, extending its spring, when the pressure of tfae 
steam is leas than that of the atmosphere. The spring is easily 
taken out and replaced by a more or less stiff one when higher w 
lower pressures have to be dealt with. Springs adapted to various 
ranges of pressure are supplied with the indicator and are marked 
with a number which states the pressure, in lbs. per square inch, 
which will raise the pencil through a distance of one inch on the 
paper. The accuracy of this number should be verified by testing 
the indicator under steam against a standard pressure-gauge, or 
(better) a mercury column. Tests with water-pressure are not 
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nitable, aoless a proper alluwaiice be made for the change of 
^uticity of the spring through change of temperature. The 
spring ia stilfer (generally by two or three per cent.) when cold 
thm at the temperature (about 212° F.) which it takes up when in 
usa The pressure of the steam should be raised slowly or by 
tteps, and the test should be made with rising and also with 
felling pressure, to see that there is no material friction-error, 
"hich would show it^self by causing the indicator pencil to stand 
higher during the fall than during the rise when the steam had 
the same pressure. 

A tap, placed just below the indicator but not shown in the 
diagram, allows the communication with the cylinder to be closed 
U pleasure, and also puts the space below the indicator piston 
iWo communication with the atmosphere, thereby allowing the 
'atmospheric line" to be drawn on the diagram. 

The pencil is withdrawn from the paper by turning back the 
piece BB which is sepamte from the rest of the indicator cylinder. 
The small handle shown in fig. 49 is provided for this purpose, 
«nd a stop behind the handle prevents the pressure of the pencil 
tgainst the paper from exceeding a regulated amount. 

Fig. 61 shows another arrangement of pencil gear and spring 
1^ in one of the forms of indicator 
Me by Messrs Elliott Brothers. 
Here the spring is outside, away 
frora the action of the steam, and 
'ta form is such that it is easily 
■djiuted and easily removed and 
feplaced. 

Iq the Wayne Indicator, also by 
Heaws Elliott (fig. 62). neither the 
1e«m cylinder and piston nor the 
Puper drum, which are common 
■wtures in other indicators, are 
"wd. The paper is carried on an 
*"iainium cradle which slides back 
"id forth, and the pencil is actuated 
°y an oscillating disc-piston which 
'nrts about the axis of a cylindrical 
^*6iber to which the steam ia ad- 
mitted. The marking point is a 

B. 13 
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radial arm projecting from the oscillating axis of this disc-piston, 
and the cradle which carries the paper is so formed as to givf 




FiQ. G2. Wajne Iiidi 



I 



the paper a cylindrical surface corresponding to tha 
of the pencil point. The spring is at the other end 
oscillating axis, outside the steam chamber. The gear which 
appears in the diagram on the top of the steam chamber is 
a special attachment, which may be removed in the ordinary 
use of the indicator, and has the purpose of limiting by stops 
the motion of the pencil to a very small angle, so that any 
particular part of the diagram may be made the subject of separate 
examination. This form of indicator has great advantages in 
cases where the inertia of the ordinary pencil movement causes 
trouble. 
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129. ConditiOM of accurate working. To register cor- 

;Iy, an indicator must satisfy two conditions: (1) the motion of 

piston must be proportionftl to the change of steam -pressure 

the engine cylinder ; and (2) the motion of the drum must be 

tonal to that of the engine piston. 

firat of these conditions requires that the pipe which 

the indicator with the cylinder shall be short and of 

bore, and that it shall open in the cylinder at a place 

the pressure in it will not be affected by the kinetic action 

of the inrusbing steam. Frequently pipes are led from both ends 

rf the cylinder to a central position where the indicator ia set, bo 

flat diagratna may be taken from either end without shifting the 

instinment. This arrangement is convenient and shows the double 

«tion prettily; but except with small cylinders it makes the 

connecting pipes so long as to give rise to serious errors. In large 

etig:iiies it is therefore not admissible : a pair of indiciitors should 

nther be used, each fixed with the shortest possible connecting 

pipe, or the diagrams should be taken successively from the two 

ends of the cylinder with a single instrument set first at one end 

ind then at the other. The general effect of an inaufRcienlly free 

coiineidon between the indicator and the engine cylinder is to 

ie the diagram too small. 

The first condition of correct working is also invalidated to 
Wne extent by the friction of the indicator piston, of the joints 
B the linkage, and of the pencil on the paper. The piston 
must slide very freely ; nothing of the nature of packing is per- 
niBible, and any steam that leaks past it must have a free exit 
tliiough the cover. The pencil pressure must not exceed the 
OiiDimam which is necessary for clear marking. By careful use 
rfa well-made instrument the error due to friction in the piston 
connected parts may be kept so small as not to be serious. 
Another source of disturbance is the inertia of these parts, which 
leoda to set them into oscillation whenever the indicator piston 
nflen a comparatively sudden displacement. These oscillations, 
wperposed upon the legitimate motions of the piston, give a wavy 
Wtline to parts of the diagram, especially when the speed is great 
■od when the last-named source of error (the friction) is small. 
When they appear on the diagram a continuous curve may be 
•krtched by hand midway between the crests aud hollows of the 
■udulatious. To keep the oscillations within reasonable compass 

13—2 i 
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in high-speed work a Etlff spring must be used and an indical 
with light parts has to be selected. Still another possible sourctj 
of error is backlash through too great looseness in the joints 
Finally, to secure accuracy in the pencil's movement, the straiq 
of the spring must be kept well within the limit of elasticity 
so that the strain may be as nearly an possible proportional tt 
the steam -pressure. 

With regard to the motion of the drum, it is, in the first placQ 
necessary to have a reducing mechanism which will give a suffi- 
ciently accurate copy, on a small scale, of the engine piston's stroke; 
Many contrivances are used for this purpose ; in some a rigorotu 
geometrical solution of the problem is aimed at — as for instance by 
adapting some form of pantagraph — but it is not unusual to find 
that the multiplicity of joints in such mechanisms gives rise, throDgh 
backlash, to greater errors than would occur in simpler forms of 
gear designed to produce no more than a close approximatioa 
Of these simpler gears a very usual form is that shown in Gg. SS 




AB is a long pendulum rod, pivoted on a fixed centre at i' 
BC is a short link connecting B with the cross-head G. Tho 
indicator drum receives its motion from any suitable point D ou 
the rod AB by a cord which is led over pulleys if oecessar 
very convenient arrangement, shown by the separate sketch It 
the side, is to have a notch in the rod AB at J) in which a hook 
at the end of the cord will engage when the hook is slipped Along 
from A : this gives a ready means of throwing the indicator drnra 
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or ont of gear. To make the mechaniam fairly accurate the 
ugth of the pendulum rod AB should be considerably greater 
hiD that of tbe stroke. Another form of indicator gear ia ob- 
lined by omitting BC, joining AB directly to the cross-head and 
ittingthe pin A on a sliding block in fixed guides which allow 
i to slide towarda or away from the piston as tbe rod oscillates. 
is geometrically a better form, but it requires careful con- 
niction to escape backlash at A. 

Even when the cord which ia to move the indicator drum ia 
onected to tbe piston-rod in sucb a way as to copy its motion 
Irractly, the motion of the drum itself may become incorrect 
ic the length of the cord is not strictly constant. The 
Dying pull causes varying amounts of extension, and when the 
a a long one the error which this involves may be serious, 
fce tension in the cord varies from three causes : — ( 1 ) the varying 
Bstance of the drum spring, (2) tho varjing acceleration of the 
nm, and (3) the friction of the drum (and guide pulleys, if there 
any). Causes (1) and (2) may be arranged to counteract each 
ther, but tbe friction of the drum necessarily tends to make the 
wd longer during the forward motion of the drum than during tho 
Kkward motion. Hence it is important to see that the drum and 
nlleys turn readily with little friction, and still more important 

make the cord short. Where there is a long distance between 
ic indicator and the point from which motion ia taken — as will 
enerally be the case in large engines — cord should be used only 
' places where flexibility is required and stout wire should as far 

possible be substituted. Even in comparatively small engines 
lire may be used with advantage'. Of all the errors to which 
Mlicator diagrams are liable perhaps none are so often neglected 

those that come from the stretching of long driving cords', 

130, ZHreotlons for taking Indicator Diagrams. In 

iLiog indicator diagrams the following practical hints may be 
ttad useful : — Before attaching the indicator to the engine, sec 

Sm for example tbe device ased b; Prof. 0. IlejncilitH on the cxperimcntn] 
3B at Owens College, by vtbich the leugth of tbe cord u icducod to a few incbes 
. Prve. Intt. C. B.. Vol. ic, 1889). 

For B dUcussioa aod eipemneDtal iaveatigittiOD oF the eirorB of the indicator, 
I pkpets by Prof. 0. Bejnolda and Mr H. W. Brighlmoto (.U/«. Proe. Iiut. C, £., 
xilL, 1890), 
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that the indicator is clean and id good order; that tha piston 
moves very freely; that the joints of the lever and links 
oiled with tine oil and are sufficiently slack to avoid frictiox^ 
but not so slack as to allow the pencil to shake ; that the penci/ 
point ia sharp, and that it is adjusted to press lightly upon the 
paper drum ; aud that the paper drum turns &eely without 
shaking. The spindle on which the drum turns needs oil now ami 
then. 

Select a spring appropriate to the pressure within the cylinder 
and to the speed of the engine. With the Crosby indicator the 
diagram should not bo more than IJ inches high; tlius a SO 
spring should not be used if the range of pressure to be indicated 
exceeds 87 lbs. per sq. in. When the engine runs fast it k 
necessary to use a still stiSer spring, to prevent the diagram 
from showing an inconvenient amount of oscillation. If large 
oscillations occur the process of smouthiog the diagram by 
sketching a line midway between the crests and hollows i) 
unsatisfactory, and a new diagram must be taken with & etiSte 
spring. 

In putting a spring in and screwing the parts together, bj 
whether there is any backlash or shake between the spring sod 
the indicator's piston. If there is any it is to be taken up (in 
the Crosby instrument) by means of the set screw under the 
piston. 

Screw the indicator cock to the pipe on the engine cylindeii 
and couple up the indicator, taking care to tighten up the coDpIli^ 
collar in such a position that it leaves the handle of the cock bffi 
to turn. See that the cord from the drum has a clear course to 
the oscillating lever, and that its mean position during the os^- 
tation is about perpendicular to the lever. Adjust the length of 
the cord and the amount of its motion so that when the cord is in 
gear the drum turns backwards and forwards without comiag up 
against a stop at either end of its travel. If it touches one stop 
or the other the cord is too long or too short : if it touches both 
stops the travel of the drum is too great and a point nearer tb^ 
fulcrum of the oscillating lever must be taken for the aitacbment 
of the driving cord. 

Do not keep the indicator drum moving except while diagrwn* 
are being taken. Stop the drum by disconnecting the cord front 
the oscillating lever before attempting to put a paper on the drnm- 
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putting OD the paper see that it is taut and clear of wrinkles, 

fold down the projecting edges so that they may not touch 

lever which carries the marking pencil. 

Tmu on steam to the indicator for a minute or so before taking 

diagram. Then press the pencil lightly on the paper, keeping 

loag enough to complete a single diagram. Withdraw the 

Shut the cock leading to one end of the cylinder and 

cock from the other end (if pipes from both ends come to 

indicator). Touch the pencil to the paper again to take 

other diagram. Withdraw it and shut the indicator cock. 

IToQch the pencil again to the paper to draw the atmospheric line. 

Stop the drum by disconnecting the cord. Remove the paper 

and mark the diagrams to show which end of the cylinder each 

Note the scale number of the spring, and the speed of 

the engine, with the date and hour and any other particulars that 

may be wanted. 

131. Calculation of the Indicated Horse-power. By 

toeosuring the mean height of the diagram between the top and 
Iwttom Hoes we find the mean effective pressure, which when 
mtttplied by the area of the piston and the length of the stroke 
^ve the work done per stroke. 

The mean height of the diagram is most accurately found by 
measuring the area of the diagram with a planimeter or otherwise 
Slid dividing that area by the length of the base, namely, the 
&itu)ce between lines drawn perpendicular to the atmospheric 
line and touching the diagram at its extremities. More usually 
the mean height is found by dividing the base into ten or twelve 
tqual parts, drawing a perpendicular to the atmospheric line 
Ihnngb the middle of each of these parts, measuring the lengths 
of these perpendiculars between the top and bottom lines and 
tilung the mean of these lengths. The lengths of these per- 
pntdicuiars are most conveniently measured by applying to each 
line ia succession the edge of a scale graduated in inches and 
Uuths of an inch : with a tittle practice it is easy to estimate to 
hundredths of an inch. The mean height in inches is multiplied 
by the scale number of the spring to find the mean effective 
pnaure in lbs, per square inch. The mean effective pressure 
w the other side of the piston is found from the other diagram 
in the same way. Calling these mean effective pressures p„ and 
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■ aid d aa ac M i y eqod. The mean of tben 
1 by J^+p^'. u a substitute fc 
And it ta oonrenient when 
diagrams an to be voded oat fix- ooe engine to expres 

tfmatiXj a aaOM "" * ''"^ erastant bctor which has oi 
be iMihijiBw) hj a(j^ +Pm) to God the indicated power. 

Jm pi ■cm of the onJuuuy indicator an apparatus is occaai( 
used wbkli iotegntee tbe two coofdinatea which it is the bu: 
of tbe iodicalor diagram to represent, and exhibits the ] 
doTeloped from stroke to stroke by the progressive uovemi 
an index roond a diaL 

132. E£zajiiplea of Indicator Diagrama. Fig. 54 sh' 
pair of indicator diagrams taken from a Corliss coudeosing ei 
in which after a very early cat-^ff the whole ezpansioQ is per^ 




ft single cylinder. In these and subsequent diasjrams lines are 
Idded at either end which show the amounts of the respective 
slearaiices, and as base line the line of absolute vacuum is drawn, 
the distance of which below the atmospheric line is determined 
by reading the barometer. The numbers are pressures in Iba. per 
■e inch above the atmosphere. Inspection of the diagram 
ihoiFsthat the distribution of steam is very symmetrical as regards 
the two ends of the cylinder ; also that the amount of compression 
night be increased with advantage. If an adiabatic curve be 
diswn through the point of cut-off (assuming a reasonable pereent- 
*ge of wetness) it will be found that the actual curve of expansion 
itfitBt lies below the adiabatic curve but afterwards rises above it 
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lu. Si. Indicfttot diagruna from Compoand Eogine ; Higbpiefsure cjliader. 




Low-pieBBUie cyliDiier. 



consequence of the re-evaporation of the condensed water 
I 109). Figs. 55 and 56 show a set of diagrams taken from a 

all compound engine using slide valves. Fig. S5 is the high- 

Bsnre pair of diagrams, and 6g. 56 is the low-pressure pair. In 
P^ former the cut-off is a little sharper on one side than on the 
her, but the distribution is on the whole symmetrical and good 

e points of release and compression are well marked, showing 
Pat there is a free exhaust. Other examples of compound 
rams will be given later. 

Indicator diagrams are often taken for the purpose of testing 
he setting of the valves, although the circumstances may be such 
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that the engine is not doing external work. Fig. 57, for instance^ 
is a pair of diagrama taken from a Corliss engine when first erected 




Fia. £7. Indicittor diagrams taki 



the aotioD or the Valvea. 



by the makers without having the condenser in action and with 
□o external load. The exhaust is into the atmosphere, and as 
expansion has made the pressure in the cylinder less than that of 
the atmosphere the pressure rises at release {C, C" in the figure). 
This produces a loop on the diagram representing negative work ; 
the excess of the positive over the negative portion represents the 
net amount of work which is done by the steam in overcoming 
the friction of the engine. 

133. Thermodynamic Tests. Measurement of Xb» 
Supply of Steam by means of the Feed. When engine triab 
are to serve as tests of therm odj-namic performance, either the heat 
supplied or the heat rejected has to be measured, for comparison 
with the work done, Measurementa of the supply of heat are most 
usual. Sometimes, however, this method of testing may be im- 
practicable and a test by means of the rejected heat may be easy. 
In any case a measurement of the rejected heat fiimishea a 
valuable check oa the accuracy of the other method, and the 
most satisfactory trials are made by measuring the heat supplied 
as well as the heat rejected ; this allows a species of balance- 
sheet to be drawn up in which the heat given to the engine 
is more or less completely accounted for. 

To determine the supply of heat the quantity of steam used by 
the engine is measured. Except when the engine has a surface- 
condenser, this has to be done by measuring the amount of feed- 
water that is required to keep the level of water in the boiler 
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istant during a prolonged run. A somewhat long run ia 
neoessary in a trial of this kind because the level of water in the 
toiler cannot be read very exactly and the whole consumption of 

feed-water roust be so great that any error due to this cause 

*ill become negligible. With an ordinary Coraish or I>ancashire 

boiler a run of six or eight hours may be desirable and even 
efisentiat if au accurate result is to be gut: on the other hand 
if the engine is getting its steam from a email tubular boiler 
Working hard under forced draught, or from a water-tube boiler, 
t'le evaporation may be so rapid that a single hour or even less 
'will suffice. Care should be taken to have all the conditions of the 
experiment as closely as possible the same at the end as at the 
fceginning of the trial : if for instance the feed-pump is working at 
"tlie beginntng it should be working at the end at the same rate, 
and the pressure in the boiler should be the same. In these circum- 
«lances the quantity of water in the boiler, for a given reading in 
the gauge-glass, may be taken to be the Bamo at the end as at 
tJie beginning of the run, and the quantity of feed-water that has 
ixta supplied in the interval is therefore equal to the quantity 

of isteam (dry or wet) that has left the boiler. If there has been 

Do leakage and no blowing off at the safety-valve or otherwise, 

this quantity of steam has been delivered to the engine. 

To measure the feed-water a very convenient plan is to have 

t*o tanks, one a small tank (A, fig. 

58) set above the other (B) so 

'flat it may drain into B. The 

*eight of water contained by A 

*hen fill! must be accurately 

•Down, and it should be furnished 
*Uh a gauge-glass C to let frac- 
'tttna of the whole contents be 
''^ad. B must have a Hoat or a 
point gauge D or other mark in 
'*■ to indicate when the water 
•"^achea some one standard level. 
^be feed-pump draws water from 
" by the pipe E; fresh water 
'^^o be run into A at pleasure 

from the supply pipe F, and there 

1" a atop-cock between A and 
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B. At the beginning of the test let it be seen that the 
in £ is at the standard level and that the stop-cock between! 
the tanks is shut. Supply water during the teat by completelj 
filling A as often as may be necessary, letting its contents drain 
completely into B each time and noting the hour and minute at 
which each fill of A is emptied into B, At the end of the tnai, , 
after filling A for the last time let just enough of its contents 
pass into B to bring the level of water in ,S up to the staDdaid, 
and read on the gange-glasa of A the fraction which completes 
the whole supply. In a long run it is useful to check the woA 
by dividing the whole period into two or more parts, in each of 
which the supply of feed-water is separately noted. The boiler 
pressure, the speed, and all other conditions of working must of 
course be kept as nearly uniform as may be throughout and 
should all be noted at regular intervals during the trial It is 
useful to exhibit the log of the trial graphically by plotting all 
the observed quantities on section-paper with time as the base. 

The engine should work for some time under the prescribed 
conditions as to speed, pressure, and load before the period of the 
test begins, in order that it may get thoroughly warmed up and 
that a uniform action may be established. During the trial 
indicator diagrams are taken from time to time and the times are 
noted. Where there is a mechanical counter the whole number ot ' 
revolutions made during the period of trial is found by reading 
the counter at the beginning and at the end. 

134. Measurement of the Supply of Steam by meani 
of the Condeuaed Water. In engines which are fitted with a 
surface condenser the amount of steam passing through the engine 
in a given time is readily determined by weighing the condensed 
water discharged from the air-pump. An important advantage of 
this method is that a satisfactory trial of the engine can be made 
in much less time than is necessary when the steam used is to he 
determined from the feed-water. Prorided the engine has been 
running long enough for the action to become uniform before tho 
trial begins, the air-pump discharge need not be collected during 
more than ten or fifteen minutes, and thus a series of distinct trials 
under diflferent conditions can be made in a single day. 

136. BSeamrement of Jacket steam. If the engine has 
jacketa the water condensed in them must be measured in additn 
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to ibo ■water discharged by the air-pump; and even when the whole 
supply of steam is inferred from the feed it may be desirable to 
dutermine Bepanttely the amount that is used in the jackets. This is 
done by draining them into a tank or tanka so that the condensed 
water may be weighed. The water must escape freely enough to 
preveiit itx accumulating in the jacket 
uid yet not bo freely as to let steam 
Uow through. This is readily secured by 
means of one or other of the two devices 
«iio*n in fig, 59. A gauge-glasa ia in- 
lerted in the jacket drain, or is fitted to 
the drain as in the left-hand figure, with 
a throttle valve below it. By adjusting 
this valve the escape of the condensed 
water can be regulated so that the 
(urface of the water will show itself in 
the glass at a constant height; the 
Mter is then passing off just as fast 
isit ia condensed. To prevent evapora- 
tion of the discharged water the con- 
tinuation of the drain may pass in the 
fom of a bend or worm through a Fio. 69. GniiRe on Jacket 
tult of cold water so that the jacket ^™°- 

Water may be cooled before it reaches the vessel in which it 
is to he measiired ', 

136. Comparison of Feed-water with DUcharged Water. 
In many trials the quantity of steam used by the engine is 
nuMsured by both of the means that have been described, 
Mmeiy, by finding on the one hand how much feed is supplied to 
the boiler, and on the other hand how much is discharged by the 
air-pump and the jacket drains. In moat cases some discrepancy 
is observed : the feed-water may be as much as five per cent, more 
thaa the discharged water. This apparent loss of substance is 
due in part to water-vapour being discharged from the air-pump 
n^out being included in the measurement, but it is mainly due 
to leakage. Steam may escape at joints in small quantities 
showing httle trace of its presence, and there is often some 

' Thia device was shovin to the author bj Mr Bijiid Donldn, who hod TuelJI 
It in tame ol his engine tests. It is also ased in the Bamis Color 
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leakage within the bniler, as for iii.''tance at the ends of the tubes 
into the firebox in a boiler of the locomotive or the marine typt 
In most cases the measurement of the water discharged by an 
engine gives a fairer test of its performance than is given by 
measuring the feed. Should a serious discrepancy between the 
two quantities be found its causes are of course to be searched for 
and remedied. 

137. Eatitnatlon of Meat luppUed, Measurement aC 
Drynesi of the Steam by the "Barrel" Calorimeter. Kiiof>' 

ing the amounts of steam supplied to the cjlintier and jackets m 
may go on to calculate the amount of heat which the workingsnlK 
stance takes up. In the absence of information as to the proporr 
tion of water in the steam as supplied to the engine the asson^ 
tion that the steam is dry is the only safe one, though this may 
do some injustice to the engine by over-estimating the supply 
of heat. When the dryness q is known the heat supplied per Ibis 

qL + h-k,, 
h, being the heat already present in the feed-water. Direct 
measurement of g is difficult mainly because it is difficult to secure 
that the steam used in a test of dryness is of the same quality as 
that which is delivered to the engine. One method is to blow 
steam from the boiler into a barrel or other vessel containing water, 
allowing the steam to be condensed, and noting the amounts by 
which (1) the temperature and (2) the weight of the contents 
have become increased after a suitable time. The former shows 
how much heat has been given up in coudeasing the steam that 
is blown in ; the latter shows what the quantity of that steam is. 
Let the temperature rise from Cj to t, while the weight increases 
irom Wi to W,. Then q is found from the equation 

where A, and /i, refer to the temperatures t, and t^, and h and L 
refer to the condition of the steam as supplied. This is subject to 
corrections (1) for loss of heat by radiation and (2) for the thermal 
capacity of the barrel itself. Accurate results are not easily got oa 
account of the large error which is introduced by any inexactness 
in the measurement of the weight. 

138. Bamifl Calorimeter. A better form of calorimeter has 
l)een devised by Prof. Barrua, which also determines the wetnen 
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earn by measaring the heat given out during its condensation, but 
le condensed steam is not allowed to mix with the condensing 
»ter. The steam to be eiamined flows into a pipe which passes 
hrough a vessel of water and so forms a surface-condenser. A 
tody circulation of water is kept up in the vessel, cold water 
luwing in and passing off after having been wanned by the con- 
iengation of steam within the pipe. The temperatures (, and t, of 
Aie water at the inlet and outlet respectively are noted. The water 
bmed by condensation in the pipe is weighed after allowing it to 
tKspe through a stop-cock furnished with a gauge-gla^ as in 
ig. 59 (§ 135) and its temperature f, is noted. The quantity of 
Booling water which passes through the vessel in a given time haa 
llso to be weighed. Before an observation is made the apparatus 
b kept running long enough to let the temperatures all take 
teady values. Then, if W be the quantity of cooling water which 
passes while the quantity w is condensed, 

vj(qL+h-h,)=W(t,-t,), 
nbjeot to a small correction for radiation as before, the amount 
Ittvhich can be determined by noting the rate at which the 
alotimetcr cools when it stands fiiU of water at temperatures 
nitennediate between t, and U- 

139. Ueasurement of the Wetness of Steam liy means 
If Wlre*drawltiEr. Professor Peabody' describes a simple 
l[fantus of his own design for measuring the proportion of water 
n steam, which acts by throttling the wet steam until it becomes 
iiy or slightly superheated (see § 77), In this apparatus, which 
■ eonunoaly called a wire-drawing calorimeter, hut to which the 
ume calorimeter is scarcely appropriate, the steam passes through 
Ui adjustable throttle-valve A, fig. 60, into a chamber B lagged 
liiA QOD-condncting material, in which its temperature and its 
mnate are observed by thermometer C and gauge D. From this 
t eeci^KS through another adjustable valve E to the atmosphere 
It to a condenser. The valves are adjusted until the steam in the 
iamW is seen to be slightly superheated, by comparing the 
temperatnre with the temperature which, in saturated 
woald correspond to the observed pressure. The amount 

1 ncnudjrnonitf* of th* Steam-Enjim, p. 237. 
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of superheating, and the drop in pressure which has causi 

noted. Let pi be the pressure in 

the chamber and ti the temperature 

which saturated steam at that pres- 

Bure would have, and let (i' be the 

actual temperature. Then 

qL + h = Li + hi + K{ti'-ti), 
where k is the mean specific heat 
of steam when superheated under 
constant pressure from saturation at 
ti to (',. The value of « is uncertain 
when the amount of superheating 
is small (see § 90), and conse- 
quently in the use of this method 
it is highly important to keep ti' — (i 
as small as possible. Unless this 
precaution is taken the method 
can lay claim to no accuracy. The 
usual practice of taking 0'43 as the 
value of K probably leads to an 
under-estimate of the wetness, since « may be expected in gena 
to be larger than Q'iS in the first stages of superheating. 

There is no need however to make (/ greater than (, by mO 
than a trifling amount — ^just enough to ensure that the steam 
the chamber is perfectly dry. It is only when the steam 
nearly dry to begin with that it can be superheated or even dri 
by throttling. Even when the steam is no more than dried 
throttling the limit of wetness beyond which the appant 
cannot be used is not high. With steam at 100 Iba, pressure, 
instaace, only 4 per cent, of moisture can be removed by throttii 
if the pressure in the chamber is as low as that of the atmosphe 
but if a condenser is available the pressure in the chamber a 
te reduced far enough to deal with about 6 per cent. 

In a modified form of the apparatus by Prof Barrus' i 

veswl B becomes a mere tube, separated from the steara-pipe 

& ^phngm with a small aperture tlirough which the ste 

ia «ite-dtawn. A separator is added, between the throtti 

*?VW>ii™ and the steam-pipe, to allow as much as possible of 



U Eng., 



Fro. 60. ■' Throltliiig Calorimd* 
(Peabody), 
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nginal moisture to be deposited before throttling takes place, 
fith this addttioQ it becomes possible to apply the method to 
tesxa that is originally very wet, for the separator leaves no little 
bcosture still iu the steam as to make throttling suffice to dry it 
tnupletely. The water collected by the separator is to be added 
in reckoning the original wetness. 

I k porous plug forms a better means of throttling than the 
il0])-valves and pin-hole orifices which have been used in instru- 
iraents of this kind. The thermometer by which the tenipeiature is 
'tikm after throttling should be placed as close as possible to the 
plu{{, for the steam quickly loses its superheat by conduction to the 
ontiiide, and this cannot so well be done when a pin-hole orifice is 
used instead of a plug, since the kinetic energy of the stream 
tbmngh the orifice must be destroyed before it is allowed to come 
into contact with the thermometer. When all precautions are 
ttken to secure that there shall be no losses of heat between the 
point of throttling and the thermometer, the method only serves. 
It the beat, to show what was the wetness of the steam when it 
*M on the point of entering the throttling plug. Whether its 
state then is the same as the average state of steam in the steam- 
ppe is another question. Unless special precautions be taken in 
die connexion of the whole apparatus to the steam-pipe, the 
lunple of steam taken off for examination is liable to suffer some 
ODndenaation before it reaches the plug and therefore to give an 
euggerated impre.=8ion of the wetness of the supply. On the 
,(itiier hand the steam supplied by a steam-pipe to an engine 
•ii liable to carry along with it a film of water on the inner surface 
|(f the pipe, and this wetness would not be represented in a 
''hiuple taken off for the purpose of a test by means of a branch 
^ opening into the interior of the steam-pipe in such a way 
Knot to catch any of the water that is dragged along the surface 
Iiythe current of steam. The consideration of these points will 
I serre to show that little or no reliance can in general be placed 
OB determinations of the general wetness of a steam supply by 
tuts of a sample, whether the tests are made by the wire-drawing 
<xlorimeler or otherwise '. 



' 8m Prof. 0. Rej'DoMs on mfthodn o[ deteimining tbe drj'neae of sBtnraCei 
Proe. Manthtiter Phil. Sae., 18%. For an account ot larioua uielhods ot 
gthc irjnem of eleam, see Brit. Attoc. Btport. 1894, p. 392. 
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140. Meaniremeot of Heat rejected by an Engine. 

The rejected heat is measured by observing the quantity of the 
condensing water and the amount by which its temperature rises as 
it passes through the condenser. With small engines the ijuantity 
may be found by direct weighing or menauring in a large tan^ 
or by the use of a pair of measuring tanks arranged so that one 
fills while the other emptiea But in general the quantity of 
condensing water is too great to be easily treat«d in this way, ajid 
it has rather to be gauged as a stream, by observing the head under 
which it flows through an orifice of known size, or over a weir. 
This gauging ia generally done after the water leaves the condenser, 
in which case, if the condenser is of the injection tj-pe, the quantity 
that is measured is the sum of the cooling water and the condensed 
steam, and the amount of the cooling water alone can be inferred 
by deducting from the whole a measured or estimated allowaoce 
to represent the feed. 

When the stream to be gauged is large an open weir with » 
rectangular or V-shaped notch will be found most couvement: 
but for small streams a submerged circular orifice has the advsntige 
that the accuracy of the result is less affected by any small moc 
that may be made in measuring the head. The stream to be gao^ 
enters at A (fig. 61), a box containing baffle plates and perlbnuJ 




Fto. 01. Well box wlih eireulu orifice. 

diaphragms (sheets of perforated zinc or gause will do well), whicb 
reduce it to stillness before it reaches the orifice B. This is a ci^ 
cular hole in a flat plate, and is bevelled to a sharp edge with the 
bevel outside. The head of water in the chamber close to the orifice 
is to be observed by means of a float and scale which are not sbon 
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^^Hp»m. If k is the head in feet, measured from the sur- 
n^^e centre of the hole, and a is the area of the hole in 
we feet, the discharge Q in cubic feet per second is given 
the formula 

ere c is a " coefficient of discbarge," the ordinary value of which 
r a circular hole in a large flat surface is 0'62, when the head is 
Edeut to bring the surface of the water to a considerable height 

tve tile hole'. 

A compact and simple weir-box may easily be made by using 
tall rectangular sheet-iron tank, 10 or 12 inches square in 
moouU section and 3 or 4 feet high. The pipe bringing in the 
is brought down inside the tank, in a corner, and opens 
to the bottom. The lower part of the tank is filled by 
) of gauze serving as baffle plates. The water rises steadily 
lore these, and escapes by one or more sharp-edged circular 
ifioes cut in the side of the tank about a foot from the top. 

In trials of marine engines where the weir-bos method of 
tisaring the condensed water is impracticable, it may be 
Msored with considerable accuracy by interposing a water- 

!ter between the feed-pump and the boiler. 

141. Example of an Engine Trial To illustrate the 
»luction of the obsen-ationn and the comparison of the heat 
ipplied with the heat rejected and the work done we may take 
le data of a lesi by Mr Mair-Rumley, from one of the papers 
tiieh were alluded to in last chapter. The engine under trial 
a compound beam-engine with steam-jackets and with a jet- 
leoser. The cylinders were 21 and 36 inches in diameter, 
the stroke of each piston was oi feet. The feed-water was 
Ituured during a period of 6 hours and the air-pump discharge 

' Whra ta opeo lectuigular iiotcli witli sharp edges io b TErtic&l plate is OMd 
iiTCtt, Iki* to be meaaured from the bottom ot the notcb to the tree level of Che 
Aw. tt a distance far eDoogb back to give practically still water ; then 

^ t ii Ibe breadth ol the oolch. 

inUi a triangular notch out bo that the breadth is twi<:e (he depth Q = 2&ihi, 
^ k ia the depth at the bottom ot the aotch below the ilill-watei sorface lerel. 
nrliiejiiilificatioii of these tarmnlae reference must be made tobooke on hjdraulios 
pspeci bj .lames Tbomson, Eep. Brit. Atsoc. 1U3S, 1B61, and 1876. p. 34S. 

14—2 
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Ci^^=^i V Tzkecftas -:<f a war. Tbe following are the data of 



Pii!Jbare in bouer. 76 Iba per sq. in^ absolute (for whidi 

I ^ S»S aad i ^ 37S). 
IKuratko oc trial. 6 boar& 
ReT-oC::ik«fcSw >^S2. or 24*0 per miiL 
lodicaitfd koise-|K>wer. 127*4. 
F^>ed-vax<r. 12i>S2 Iba 
Air-pcEip diaeharge, 1236 Iba per min. 
Wa^r dxaiaed &v>m jackets, 1605 Iba 
I^yaesi? of sseazn as supplied, 0^. 1 

T«&peranx« of feed. 43=^59* Fah. 

, inJ€cnoii f- = 50' Fah. 

. air-pomp discharge, «, = 734** Fah. 

Tbese giT^e ibe Sxiowing resalt^ : — 

Tv>5al fe^ per n^voiutioii « 1*394 lbs. 

Jackel feed per r^voladon » 0*186 lbs. 
Crfinder feed per reTolution s 1-208 lbs. 
Injkcdv4i waier per rerolation = a||A — 1*208 = 49*9 lbs. 

Hea: taken in by the working substance per revolution 

«ia>4,,£Z-A~A*> 

- 1 SM ^0^^ V S9S -r 273 - 27) = 1*394 x 1113 

sL^51 ihenual units. 

He*: ojUTerted into wv>rk per revolution 

127*4 V 42'42^ 
« -^ 57 « 225 thermal units. 

The whole htvit wjeoted p^er revolution should therefore be 1326 
thermal unitSw 

That part of the working substance which is cylinder feed 
rejects heat tir^t and chiefly to the injection water, and secondly 
by becoming itself cooled from ^ the temperature of the air-pump 
discharge lo ^ the temperature at which it returns to the boiler. 
The heat it rejects per revolution in these two ways is therefore 

49*9 (U ~ ^^ + 1208 (f, - U\ 

or 49 9 X 23-4 -h 1208 x 14*4 = 1184 thermal units. 

> 4S^4S 19 the thernud eqaiTmlent of 1 horse-power acting for 1 minate, mtt^y* 
"Mt^ thennal aniu. 
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That part of the subBtance which is jacket steam rejects heat I 
by becoming cooled from the temperature at which it is condeDsed [ 
in tbe _)acket to the temperature at which it is returoed to the I 
boiler. In the present case the jackets drained into the hot-well [ 
and the temperature therefore fell to 59", the temperature of the I 
feed. The heat rejected in this way per revolution was 

0-186{A-A,)=018(J(278-27) = 47 thermal units. 

Adding the^e we have 1231 units of rejected heat. A balance > 
of 95 noits remains to be accounted for. It is made up partly of 
heat carried away by the air and vapour of the air-pump dis- 

^ charge, partly of losses through radiation from the engine and 
fipefi, and partly of heat lost in whatever steam escapes by 
leaUge. In the example cited the loss by radiation was estimated 
Vi amount to 45 units'; allowing for this the discrepancy between 
^e two sides of the account is reduced to 50 units or only about I 
3 per cent, of the whole supply. 
The consumption of steam per indicated horse-power-hour, , 
caJcolated from the whole amount of the feed is 



120^2 
127-4 X 6 



r 15-7 Iba. 



This makes the indicated work done per lb. of steam equivalent to . 



<6(> 



or 162 thermal uuita. 



la considering the efficiency of a cycle as a whole we should i 
nrictness deduct from this the net amount of work which has to 
W expended in returning the condensed steam from the condenser 
f to tiie boiler, or say 0017 x 76 x 14+ foot-lbs. per lb. As this ia 
iht equivalent of only 0-24 thermal units per lb. the correction ia 
■immportant. Since the heat taken in per lb. is 1113 units the 
^itncy of the cycle is 0145^ 

' rb^ tow bj Tadialioo ia approiimately eatiautad by letting th* engioe »t»nd I 
"■■i Mb Ihe jackeW and steam-chest (oU of gteam and noting the amooDt tiiat ii 

'^■idtmed in a given time. 

' For (urtliCT illiutiationB of eDgine triala and Ihe reduction of reBullB referencs 
■ii"ald tn made to the eiceUent eiainpleB oonUined in sevetai of Mr M. Long- 
'"'« ■ lifforu aj Enginea of Ihe Engine, Boiier, and Eropluyers' Liability Asko- 
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I VHBHMtflfes alMun dming: expansion. In § 1( 
X. h Mi ■■phinril bow to tiud tht? proportion of vat 
^ ^K qAHfar »t any stagfe of the expansion and 
K Ai HMte of this calculation graphicaily by means 
MBOV**' upon the indicator diagram — namely, a cur 
I^MHM tb« Tolunie which the steam in the cyliud 
■ «s way pnesure if it were dry throughout. To dn 
w Ar either ride of the piston we should in atrictnei 
» da whole amount of the cylinder feed is shared b 
4aAi of the cylinder — a matter which the test doesD' 
ft Bat in general the action in the two ends is so nearl 
iori that results which are practically con'ect may b 
bf onnbining the indicator diagrams for the two into 
taking for clearance the mean of the two actoi 
and taking half the cylinder feed per revolution aa tb 
itiiy of steam that enters the cylinder per stroke. Tin 
shown in tig. 45, § 109, is in fact a combination diagno 
drawn in this way. To determine the wetness of the steam duncf 
expanjsioQ is an important part of an engine test, and the resulb 
ouuiut be better exhibited, so far as this jiarticular is concern«d 
than by showing the saturation curve in its relation to the actut 
curve of pressure and volume. In dealing with compound engiH 
a satnratiou curve may be drawn separately for each cylinder, ffl 
th« diagrams for the several cylinders may be combined intt 
one by nitians of a device which will be described in the neil 
diapt«r. 

This process of estimating the water present during expuuioi 
by coiuparing the saturation volume with the volume acluall] 
fiUc«i by the working substance depends on the assumption tbs 
the whole quantity of substance does not change from the tim 
that cut-off is complete until release begins. Any leakage ' 
staMB, in or out, through the valve or past the ])iston will inval 
dat« the calculation. 

Ii3, Truulbr of Heat between the Steam and tK 
Metal Htm'i Aoalr«I«. Having determined what proportiL 
of the working subslauce is steam and what is water througl 
out the expansion we may go on to calculate how much heat 
taken from or given to the walls of the cyliuder and piston durir 
any stage of its action. This analysis of the transfers of hee 
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iotrodaced by Him and developed hy his pupils and foUowert), 
iiss been pursued at great length in some engine tests'. Only a 
W short account of it need be given here. 

Let VI and m' represent the quantities of dry steam and water 
respectively present in the working mixture either during ex- 
fonsion or during compression. We may use / to represent the 
mteraal energy of the whole mixture. Its value at any stage is 

(m + m')h + vip, 

f having the meaning which was assigned to it in § 60. Taking any 
t¥opointain the curve ofexpansion (or in the curve of compression) 
kt the corresponding two values of I be calculated, say /, and /,. 
Between these two points a quantity of work is done by the steam 
[or apon it, if the compression stage is being considered) which is 
tDeasnred by JPdV, where P and V represent the actual pressure 
imj volume of the roixture and the integral is taken between 
limits corresponding to the two assumed points. Call this quan- 
% of work TTu. If it happens that iri^ =1,-1^ the process is 
tdiabatic: no heat in that case has been taken from or given 
to the cylinder walls by the working steam between the two points. 
M(a« generally there will be a difference between the work done 
Wd the change of internal energy, which difference measures the 
^usatity of heat that is transferred to or from the walls. Thus 
If we distinguish the four events of admission, cut-off, release and 
tompressiou by the sutGxes a, b, c and d respectively, the heat 
taken up from the cylinder walla during expansion ia 

Similarly the quantity 

la which the values of / relate to the substance shut up in the 
clearance space, measures the heat that is taken up during com- 
PresBion. W^^ ^ negative. This calculation can of course be 
)pp!ied to any stage of either process, and thus by applying it 
a series of short stages a curve showing the inflow or outflow 
Df beat can be drawn from point to point of the stroke. 

During admission the quantity of the mixture is undergoing 
btuige. The mixture that is shut up in the clearance at the end 

Sm Dwel>haDv«rH-Der]'. " Btuit Calorimflrique dt ta Machint h Vaptur." 
bo 3ft Mftir-Baoilej'i papers tlreadj' oit^d. 
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of the back stroke beture admission takes place bos a oertaU 
internal energy la- The steam that enters brings with it l| 
additional quantity of energy, H,, which may be calculated prD< 
vided the dryness of the entering steam is known. H, is made lu 
of the internal energy of the steam supplied, together with tha 
J'„V, ! 

work spent on it as it enters the cylinder, or - -^ . The wodt 

done by the steam, up t« cut-off, TTaj ia detennined fro^i 
diagram. Then the transfer of heat during admission is 



Q«*=n'a.-(/,-A + ffA 



ince t>e« 



a quantity which is generally negative in actual cases since 
is given to the cylinder walls in this part of the action. 

In attempting to apply the same method of calculation to 
determine the heat taken up from the metal during exhaust (Q^ 
we are met by the difficulty that the state as regards wetoess in 
which the mixture leaves the cylinder is not known. The value 
of Qri may however be estimated indirectly as followa Let ^i 
Qbe and Q^a represent, as before, the transfer of heat from metal » 
steam during admission, exi)ansion and compression respectiTely, 
let Q, represent the loss by radiation and Q^ the additional supfJj 
of heat which is furnished by condensation of steam in the jacket, 
all reckoned per stroke. Then if the engine is working uiiifbnulf 
the gains and losses of heat on the part of the metal must 
and hence Q^ = Qj-Qr-Q.i.-Q^- Q*,. 

This heat Qed which is taken up from the metal during the 
exhaust is called in the writings of Hiru and his pupils "Is 
refroidissement an condenseur," and is sometimes spoken of li 
being in a particular sense the measure of the wasteful action o 
the cylinder walls. It should however be borne in mind that ih' 
transfer of heat between metal and steam does some mischief evei 
when the steam is dry at the end of expansion, in which cas 
practically no heat is taken up during exhaust. That part of tb 
heat abstracted from the steam during admission which is restore 
before release does not appear in Qa, nevertheless it reduces tb 
efficiency because it is taken from the working substance at a hig 
temperature and restored at a lower. And this action goes on eve 
when the steam is so dry at release that Q^t is sensibly zero. 

As an alternative to the method used by Him, the entrop; 
temperature diagram may be applied to the pur{)ose of tracing U 
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A stored and restored during expansion, in a maiintr which h&a 
m sufificieutly indicated io Chapter V. (§ 110). 

144. Teita of mechanical efficiency. Meaturemant of 

nOce Hone-power. In tests of mechanical 

IBcieucj" the engine (unless it he used for 

lompiiig) is commonly set to work against 
me farm of frictioo brake arranged to aen-e 
J an absorption dynamometer. For engines 

of small or moderately small power no form 

is eo simple or so easy of application as a rope 

or band brake of the type shown in fig. ti2. 
iwo, three, or more parallel turns of rope with 

I few wood blocks to hold them apart (the 

number of ropes depending on the quantity of 

power that is to be absorbed) are made to 

ciagp the fly-wheel in the manner sketched ; 

the slack end is attached to a spring balance 

and the other end is loaded with weights, 

tither directly, or through a lever if the amount 

of load is inconvyniently great. A little grease 

>{iplied to the surlace of the metal makes the 
brake work quietly and steadily. The wheel 
maybe kept cool by water; a wheel with in- 
Kroal flanges on the rim, forming an intenial 
cbumel to which cold water may be supplied, 
i» convenient. The resistance is adjusted by 
•irying the amount of the weight T,. A platform or stop fixed 
* little way bt^low this weight allows the brake to be applied and 
temuved by pulling or slacking away the rope by which the spring 
tttlaoce is suspended ; by pulling the rope which is shown at the 
^ of the flgure the weights are lifted off their platform and 
liw brake comes into action. When the brake is in action the 
pull 2*, indicated by the spring balance is noted from time to 
•une. The effective resistance is T, — T„ and the work done 
*8«Qst the brake per revolution is 2vr (T, - T.j) where r is the 
ndins measured from the axis of rotation to the middle of the 
'ope'e thickness. Hence the brake horse-power 

''■"^■"" 33,000 
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redticiDg to horae-power, it is the ratio of the wnrk doae Mi 
brake per revolution to the work doae by the eteam per teTolul 
namely, 

l{p«A+Pm'a'y 

in the notation of § 125. 

A flesible band such as may be made by using a 
of cotton listing has the advantage as compared with 
working smoothly and silently without any lubrication 
be preferred to rope for small engines. When only two or tl 
horse-power have to be measured a single strip of listing will 
found to make an excellent brake. 

In dealing with large powers the most effective and 
absorption dynamometer is one in which the work of the 
spent in churning water by turning a species of turbine whed 
a casing through which water is continuously passed. The 
is held from turning by applying weights to a lever arm, and 
measures the moment exerted by the engine-shaft, on which 
turbine wheel is fixed. Prof. Reynolds has designed and used 
his experiments a very perfect brake of this kind, a full descri] 
of which will be found in the PhiloBOphical Transactiona of 
Royal Society for 1897. He has successfully applied this briks 
not only in engine trials but also to measure the mechanic^ 
equivalent of heat by observing, along with the work done, th* 
quantity of water which in passing through the brake had iti 
temperature raised from 32' F. to 212' F. 

14fi. Tiialf of an engine under varioui amounts oflosd. 

Althongh some engines are required to work always under th* 
same or neai-Iy the same conditions as to load, more commonly the 
load is liable to variation, and it may be as important to examiiia 
the performance under light loads as to make trials at full poirer. 
At electric light stations, for example, much of the work is doM 
with a comparatively light load on the engine and the efficienof 
under these conditions is a matter of the greatest moment, t^ 
be complete a trial should include a series of tests made rt] 
various grades of output from full power down to the eitW 
wheu the engine merely drives itself without doing eKter"*' 
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[lapere by Mr Willans which were referred to in Chapter IV. 
lin many examples of trials which are complete in this sense. 
L resaltB may be represented graphically by drawing a curve 
hich the ordinates are the number of lbs. of steam consumed 
liorse-power-hoar, with the rate of output in horse-power for 



Fwo corves of this kind are shown in fig. 63, relating to two 
es of tests by Willans of one of his compound high-speed 
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gle-acting engines, using a condenser ^ In one set of trials 
) ratio of expansion was 4*8 and the points through which the 
76 is drawn were determined by testing the consumption 
ier various values of the initial steam pressure, ranging from 
{ lbs. per sq. inch (absolute) down to 43 lbs. The other curve 
»s to a similar series of trials in which the ratio of expansion 
slO. 

Another useful way of showing the performance at all powers 
to plot the whole quantity of steam consumed per hour in 
^<m to the horse-power. Curves of this kind were first used 
Willans : examples of them are given in fig. 64 relating to the 
le two sets of trials as fig. 63. In each set of trials the 
ostment of the power was accomplished by varying the initial 
■ore of the steam, the cut-off remaining constant throughout 
lety and the speed of the engine also remaining constant. 

T. Imt, C. E., Vol. cxiv. 1893. 
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Under these conditions Willans found that the curve of U 
Bteam consumption in relation to power (6g. 64) was seoaiblj 
etraight line. With variable cut-off and constant pressure, on I 
other hand, the Willans' line is curved, having a steeper gndic 
at high powers than at low powers. 

The s&me types of diagram are useful in representing t 
consumption of steam in relation to brake horse-power, poi 
horse-power, electrical horse-power, etc. They exhibit clttl 
under what condition the maximum of efficiency will be rekobi 
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and also what the performance will be uuder the less favours 
conditions that may have to be submitted to in practice. 

When the Willans' line (fig. 64) is a straight line the wh 
consumption of steam at any load may be regarded as made uf 
two parts — the constant unproductive consumption that ta 
place without doing work in the cylinder and a further c 
sumption that is eimply proportional to the indicated power, 1 
whole consumption is equal to 

a(i + 6), 
where i is the number of horse-power and a is the ratio at wh 
steam is taken per horae-powei- after the unproductive supply 
has been furnished. 
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[ The same remark holds good in relation to a Willaus' line 
diawn with the external or brake horse-power as the base; ab 
:1hen represents the steam that is used in making the engine drive 
^itodf; and b is what may be called the "idle work/' a quantity 
which is somewhat greater than the indicated work done in over- 
^eoming engine friction. 

* A comparison of the Willans' lines relating to indicated and 
"liake power respectively serves to show how hx the work spent on 
ogine friction remains constant at high powers and at low. In 
geoend it may be expected that this quantity will be greater at 
high powen since the forces at the joints of the mechanism 
become on the whole increased. 

An example of the Willans' line drawn for trials of a steam 

turbine at various grades of output, but at constant speed, will 

be found in Chapter XIL The line there is not far from 

straight^ but has a slight curvature of the same kind as is 

found in ordinary engines when the output is varied by changing 

the position of cut-off. 
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146. Woolf Engf aei. When the espansion of steam 
in one cylinder and continued in another, the steam may tai 
made to pass directly from one cylinder to the next, o 
from the first cylinder into an intennediate chamber, 
"receiver" from which the second cylinder draws its supj 
advantage of the latter plan ia that it does not requil 
reception of steam by the second cylinder to be stmultaneoi 
the rejection of steam by the first. This allows the cranks to be 
set at any angle, it also allows the distribution of the eifpansion 
between the two cylinders to be readily adjusted. Chiefly for tlua 
reason compound engines are now rarely used with immediate 
transfer of steam from one cylinder to the other. 

The original form of compound engine invented by Homblower 
and revived by Woolf had no receiver. Steam passed directl; 
from the high to the low pressure cylinder, entering one as fist 
as it was exhausted from the other. This arrangement is possible 
only when the high and low pressure pistons begin and end their 
strokes together, that is to say, when their movements either 
coincide in phase or differ by half a revolution. Engines of [he 
" tandem " type satisfy this condition — engines, namely, of which 
the high and low pressure cylinders are in one line, with one 
piston-rod common to both pistons. Engines whose high and lot 
pressure cylinders are placed side by aide, and act either on tbe 
same crank or on cranks set at 180° apart, may also discharge steam 
directly from one to the other cylinder; the same remark applies 
to beam engines with high and low pressure cylinders st&ndiog 
side by side. By a convenient usage which is now pretty genenJ 
the name "Woolf engine" is restricted to those compound engines 
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i discharge Ete&ta directly from the high to the low pressure 
id» wfithout the use of an intermediate receiver. 

147. B-ecelver engine. An intermediate receiver becomes 

B^«aiy when the phases of the pistons in a compound engine do 

agree. With two cranks at right angles, for example, a portion 

Ihe discharge from the high-pressure oyliuder occurs at a time 

a the low-pressure cylinder cannot properly receive steam. 

receiver is iu some cases an independent vessel connected to 

cylinders by pipes ; very often, however, a su£6cient amount of 

cdveT volume is afforded by the valve casings and the steam- 

!gi which connects the cylinders. The i-eceiver, when it is a 

vessel, is freijuently jacketed. 

"Die use of a receiver is by no means restricted to engines in 

Kch the " Woolf " system of compound working is impracticable, 

the contrary, it is frequently applied with advantage to beam 

compouud engines. Communication need not then be 

between the high and low pressure cylinders during the 

'ifae stroke: in such cases admission to the low-pressure 

is stopped before the stroke is completed ; the steam 

idy admitted is allowed to expand independently; and the 

letDiinder of the discharge from the high-pressure cylinder is 

Wnpressed into the intermediate i-eceiver. Each cylinder has 

definite point of cut-off, and by varying the cut-off in the 

tro-pressure cylinder the distribution of work between the two 

tjliDdere may be adjusted at will. In general it is desirable to 

both cylinders of a compound engine contribute equal or 

it&rfj equal quantities of work. If they act on separate cranks 

woliw the effect of giving the same value to the mean twisting 

JixmetA for both cranks. 

Another adjustment which is sometimes aimed at is to make 
tbs range of temperature equal in both. In general, when the 
"nisioii of work is equal, the parts into which the whole tempera- 
•We range is divided are nearly equal also, 

148. Drop In the RecelTer. Compound dlagramt. M^tere- 

fT« a receiver is used, care must be taken that there is no large 
''nuunt of unresisted expansion into it ; in other words, the 
preaore in the receiver should not be greatly above that in the 
ligl-preasure cylinder at the moment of release. Any drop in 
"* Bteam pressure between the high-pressure cylinder and tlu* 
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receiver will show itself iu an indicator dingram by a Buddet 
at the end of the high-pressure expansion. This " drop " is. 
the thermodj-namic point of view, irreversible, and then 
wasteful. Practically some small amount of drop is desirebl< 
the same reasons which make a rather incomplete expai 
preferable to complete expansion in the working of a M 
cylinder. The drop can be reduced to any desired estenl 
wholly avoided, a» we shall presently see, by selecting a pr 
point of cut-ofiF in the low-pressure cylinder. When there i 
" drop " the expansion that occurs iu a compound engine 
precisely the same effect in doing work as the same ami 
of expansion would have in a simple engine, provided the la 
expansion be the same in both and the waste of energy w 
occurs by the friction of ports and pajisages in the transfe 
steam from one to the other cylinder be negligible. The i 
done in either case depends merely on the relation of pressur 
volume throughout the process: and so long as that relatio 
unchanged it is a matter of indifference whether the expansioi 
performed in one vessel or in more than one. It has, howi 
been explained in Chapter V. that in general a compound eu: 
has a thermodynamic advantage over a simple engine n 
the same pressure and the same expansion, inasmuch as it red 
the exchange of heat between the working substance and 
cylinder walls and so makes the process of expansion more n« 
adiabatic. The compound engine has also a mechanical advan 
which is referred to in § 153, below. 

The ultimate ratio of expansion in any compound engiii 
the ratio of the volume of the low-pressure cylinder to the vol 
of steam present in the high-pressure cylinder at the point of ctil 




Fig. 65 illustrates the combined action of the two cylinder 
thetical compound engine of the Woolf type, in which fat 
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ct of dearance is neglected and also the loss of pressure which 
Am undergoes in transfer from one to the other cylinder. 

is the indicator diagram of the high-pressure cylinder. 
chaust line CD shows a falling pressure in consequence of 
Lcrease of volume which the steam is thea undergoing 
rh the advance of the low-pressure piston. EFOH is the 
km of the low-pressure cylinder, and is <lrawn alongside of 
ther for convenience in the construction which follows. 
8 no point of cut-off; its admission line is the continuous 

of expansion EF^ at each point of which the pressure is the 
as at the corresponding point in the high-pressure exhaust 
QD. At any point K, the actual volume of the steam is 

MN. By drawing OP equal to KL-\-MN, so that OP 
sents the whole volume, and repeating the same construction 
her points of the diagram, Yfe may set out the curve QPR, 
ipper part of which is identical with BC, and so complete a 
e diagram which exhibits the equivalent expansion in a single 
der. The area of the figure so drawn is equal to the sum of 
leas of the high-pressure and low-pressure diagrams. 
Q a tandem compound engine of the receiver type the 
ams resemble those shown in fig. 66. During CD (which 





Fxo. 66. CompoaBd Diagrams: Beoeiver type. 



sponds to FO) expansion is taking place into the large or low- 
ure cylinder. D and O mark the point of cut-off in the 
cylinder, after which OH shows the independent expansion 
e steam now shut within the large cylinder, and DE shows 
ompression of steam by continued discharge from the small 
der into the receiver. At the end of the stroke the receiver 
ore 18 *" must be the same as the pressure at C, if 

15 



226 COMPOUNB EXPAKSION, 

there is to be no 'drop.' In the diagram sketched it is assumed 
that there is none. The case of 'drop' would be illustrated if 
were to cut off the comer at O hy a vertical lino drawn from sonu 
earlier point in BG to meet the curve CD; this would ofooune 
also imply a shortened high-preesure sti-oke. Diagrams of » 
similar kind may be sketched without difficulty for the casa 
of a receiver engine with any assigned phase-relation betweea 
the pistons. 

It may be noticed in passing that an intermediate receiver hu 
the thermodynamic advantage that it reduces the range of tem- 
perature in the high-pressure cylinder, and so helps to prevent 
initial condensation of the steam. This will be made ohviouab^r 
a comparison of fig, 65 and fig. 66. The lowest temperature 
reached in the high-pressure cylinder is that corresponding to the 
pressure at D, and is materially higher in fig. 66 than in fig. fl5. 

149. A^Juitment of the dlvlBion of work between the 
cyllndera, and of the drop. Oraphlc method. By making 
the cut-off take place earlier in the large cyliuder we increa« 
the mean pressure in the receiver; the work done in the snull 
cylinder is consequently diminished. The work done in the large 
cylinder is correspondingly increased, for the total work (depending 
as it does almost wholly on the initial pressure and the total n&o 
of expansion) is unaffected or scarcely affected by the change- 
Hence we have the apparently anomalous result that a shorter 
admission to the low-pressure cylinder causes it to do a larger 
share of the whole work. 

Further, the same adjustment — namely, hastening the cut^ 
in the low-pressure cylinder — serves, in case there is ' drop,' to 
remove it. By selecting suitable values of the ratio of cyliiKJei 
volumes to one another and to the volume of the receiver, and 
also hy choosing a proper point for the low-pressure cut-off, it is 
possible to secure absence of drop along with equality in tfc* 
division of the work between the two cylinders. 

To determine beforehand that point of cut-off in the IiW* 
pressure cylinder which will prevent drop when the ratio « 
cylinder and receiver volumes is assigned is a problem most easily 
solved , or approximately solved, by a graphic process. The procee* 
consists in drawing the curve of pressure during admission to tH^ 
low-pressure cylinder until it meets the curve of expansion whiofa 
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is common to both cylinders ^ In fig. 67 (where for the sake 

of simplicity the effects of clearance are neglected) AB represents 

the admission line and BC the expansion line in the small 

cylinder. Release occurs at C, and from C to D steam is being 

taken by the large cylinder. D corresponds to the cut-off in the 
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Fio. 67. Fio. 68. 

has. 67 and 68. — ^Determination of the point of Cat-off in the low-preesore 
[ ^linder of a compound engine. 

laige cylinder, which is the point to be fouud. From D to E 
steam is being compressed into the receiver. To avoid drop the 
i^iver pressure at JE^ is to be the same as the pressure at C, E 
is therefore known, and may be employed as the starting-point in 
drawing a curve EF which is the admission line of the low-pres- 
sore diagram EFOHI. This line is drawn by considering at each 
point in the low-pressure piston's stroke what is then the whole 
volume of the steam. The place at which EF intersects the 
continuous expansion curve BCO determines the proper point of 
cut-off. The sketch (fig. 67) refers to the case of a tandem 
Receiver engine ; but the process may also be applied to an engine 
with any assumed phase-relation between the cranks. Fig. 68 
shows a pair of theoretical indicator diagrams determined in the 
same way for an engine with cranks at right angles, the low- 
pressure crank leading. In these examples the volume of the 
receiver has been taken equal to the volume of the high-pressure 
cylinder. With a larger receiver the variations of pressure during 
the back stroke of the high-pressure piston would be less con- 
spicuous. In using the graphic method any form may be assigned 

^ See a paper by Prof. B. H. Smith, ** On the Cat-off in the Large Oylinder of 
Componsd Engines," Th€ Engineert November 27, 1885. 
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B «f tajaadoa. Gvaerally ihis curve may be treat 
xaia/cj as a commoD hyperbola, in which t 
I nuies inTiersely as the Tolume. The construction m 
olmoasdy be aj^lied to triple and quadruple expansiou CDgiii 
For an aocarate golutioD it would be necessary to take the eSt 
of clearance into aocoant and also to allow for some loss of presn 
in the passage from one vessel to another. The figures given he 
omit these complications, and treat the expansion as hyperbolic. 

150. Algebraic Method. When this simple relation b 
tween pressure and volume is assumed, it is not difficult to fil 
algebraically the low-pressure cut-off which will give no diop.wi 
assigned ratios of cylinder and receiver volumes. Taking tl 
simplest case — that of a tandem engine, or of an engine wil 
parallel cylinders whose pistons move together or in opposition- 
we may proceed thus. Siace the point of cnt-off to be det«rmiiH 
depends on volume ratios we may for brevity treat the volume ' 
the small cylinder as unity. Let R be the volnme-ratio of tl 
receiver to the small cylinder, and L the volume-ratio of the Isi) 
to the small cylinder. Let x be the required fraction of the strol 
at which cut-off is to occur in the lai^e cylinder ; and let phell 
pressure at release from the small cylinder. If there is to be i 
drop, p is also the pressitre in the receiver at the beginning i 
admission to the large cylinder. During that admission tt 
volume changes from 1 + R to l — a: + R+ xL, and the presani 

at cnt-oS" is therefore 



y(i4--R) 



hR-yxL 
now compressed into the receiver, from volume 1 
volume R. Its pressure therefore rises to 



The steam that remaina: 



1 - a: + >i + fl7i ■ 



R 



F-S) 



and thia, by asaiimption. is to be equal to p. We thereFoie hM 

(l+J!)(l-« + ii).Ji(l-» + Ji+iij;>, 

, K + 1 

v.h<.»ce '-RLlTV 

Thus, with R = \ and i = 3, cut-off should occur in the latj 
cylintlcr at half-stroke (which is the case illustrated by tl 
diiurmm of fig. 66); with a greater cylinder 
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m the large cylinder should be earlier, as it is, for instance, in 

fig. 67. 

A similar calcalation^ for a compound engine whose cranks are 
ifc right angles, and in which cut-off occurs in the large cylinder 
kfore half-stroke, shows that the condition of no drop is secured 
vhen 

2iJ(a?Z-l) = l-2V«(l-a?). 

In some compound engines a pair of high-pressure cylinders 

discharge into a common receiver; in some a pair of low-pressure 

' cylinders are fed from a receiver which takes steam from one 

^ Ugh-pressure cylinder, or in some instances from two. With 

' tiiese arrangements the pressure in the receiver may be kept 

much more nearly constant than is possible with the ordinary 

tvo-cylinder type. Occasionally compound engines work without 

any mechanical connexion between the cranks, and the pressure 

vithin the receiver then depends not only on the adjustment of 

the points of cut-off but also on the relative frequency of stroke of 

the pistons. 

161. Ratio of Cylinder Volumei. The size of the low- 
prasure cylinder in a compound engine is fixed by reference to 
the pow^r the engine is intended to develope, the speed, the 
pven boiler pressure, and the total ratio of expansion. But the 
size of the high-pressure cylinder remains a matter of choice when 
all these things are settled. Say that the total ratio of expansion 
18 to be r ; we may choose any ratio L less than r for the volume- 
latio of the large to the small cylinder. It will then be necessary 
to make the cut-off in the small cylinder happen at a fraction of 

the stroke equal to — in order that the final volume of the steam, 

when it fills the whole of the large cylinder, may be r times its 
initial volume up to the point of cut-off in the small cylinder. 
Thos an earlier or later adjustment of the cut-off in the high- 
pressure cylinder will allow the whole ratio of expansion to take 
whatever value may be wanted, no matter what be the ratio of 
the cylinder volumes. 

1 Examples of oalonlAtions dealing with partieular arrangements of two and 
tiuee qflinder oompoimd engines wiU be foand in an Appendix to Mr B. Sennett*s 
Trtatm on ike Mwrine Steam-Engine, 
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Again, as we have seen above, by varying the cut-off in the 
large cylinder we can adjust matters so that equal amounta of 
work are done in both cylindera, irreapoctive of their sizes. 

But it is only when a suitable ratio of volumes has been 
selected that this adjustment to equalise the work will also secim 
a reasonable absence of 'drop' — or that an adjustment of tiia 
low-pressure cut-off to avoid drop will not too seriously disturb 
the balance of work. 

This consideration serves to fix in a general way the proper 
proportion of the volumes. No hard and fast rule is followed; sn 
exact balance in the work is not essential, and a complete absence 
of drop is not even desirable. The same practical considerations 
which make it undesirable in a simple engine to have complete 
expansion apply iii regard to compound engines: unless there 
is aome little drop the last part of the stroke is ineffectiva 
It should also be remembered that drop in a compound engine ii 
not quite so wasteful as it looks : the unresisted expansion into 
the receiver serves to dry the steam and in extreme cases even tt 
superheat it. 

Another consideration enters into the question. In some 
engines, especially marine engines, it is a point of importance to 
avoid having an early cut-off in any of the cylinders, partly to 
avoid unnecessarily severe stresses in the mechanism and partly 
to allow the valves to be of the simplest kind. This ffi&J 
lead to the existence of more drop than would otherwise be 
permissible. In practice the choice of volume ratios is to flOlM 
extent a compromise between conditions that are more or less 
incompatible, and, as might be expected, a good deal of variety 
is found. 

In a two-cylinder compound condensing engine, for instaneei 
using steam of 80 or 90 lbs. pressure tho large cylinder may ha'^ 
from three to four times the volume of the small cylinder. The 
steam in this case should expand about 12 times; if aratioof 8to 
1 be chosen the conditions of equal work and very little drop «ill 
be secured by putting the cut-off at something like one-fourth "i 
the stroke in the high-pressure cylinder and at about one-sixth *' 
the stroke in the low-pressure cylinder. An example will be found 
in the indicator diagi-ams given below in fig. 70. On the other bandi 
if the high-pressure cylinder have only one-fourth of the volume ot 
the other, a later cut-off will serve. The suitable ratio of volumes 
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the boiler pressure ; thus if it is 3^ with 70 lbs. it may 
I as much as 4^ with 100 lbs. 
In triple-cxpausion engines, where the boiler pressure is rarely 
1 than 150 uor more than 180 lbs., the third cylinder has 
Boally. in marine practice, from 6 to 7 times the capacity of the 
list cylinder, and the second cylinder has from 2| to 2J times 
the first In land engines of this type, where an earlier 
nt-oST may be resorted to without inconvenience, the first cylinder 
Day be rather larger: its capacity ranges from about one-fifth to 
He-sixth that of the low-pressure cylinder. 






162. Advantage of Compound Expansion in tbe eco- 
■omical ase of High-PreaBure Steam. The thermodynamic 

idvantage of compound expansion has been pointed out in § 119. 
It allows higli -pressure steam to be used without the excessive 
»Mte which would occur if a high grada of expansion were 
Bttempted in a single cylinder. So long as the boiler pressure 
doM not much exceed 100 lbs. this advantage is sufliciently 
Monred by dividing the expansion into two stages : accordingly 
the ordinary compound engine or two-stage expansion engine is 
wed with pressures up to 100 lbs. but seldom with higher 
JKUBures, Beyond this triple expansion becomes in general 
Bdviaabte if the full benefit of the higher pressure is to be 
Hcured. But when the expansion is divided into three stages 
it becomes advantageous to use a pressure considerably higher 
thia the limit we have just named: thus with triple engines 
>i ptesBure of 160 to 1 70 lbs. is usual. Intermediate pressures, 
of say 120 or 130 lbs., are not often found: they are too high 
to auit the two-cylinder compound engine and too low to let 
triple expansion give its best effects. Quadruple e.ipansion 
hu Utile if any advantage when the pressure is under 200 lbs.; 
op to this pressure and perhaps beyond it the thermoilynamic 
benefit of a fourth stage is scarcely sufficient to justify the 
iBccbuiical complication it involves. With the types of boilers 
^ are ordinarily used this limit of pressure is rarely exceeded 
ViA the ({uadruple expansion engine is not common. In naval 
pnctice the use of water-tube boilers has in some cases raised 
the pressure of steam to 250 and even to 300 lbs., but in general 
thrw stages of expansion are preferred to a larger number of 
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153. Mechanical adTantage of Compound Expa: 
Uniformity of Effort in a Compound Engine. A i 

engine using high-pressure steam with an early cut-off b 
tlmwhack, from the mechanical point of view, that the ihi 
the steam on the piston during the early part of the stroke i 
great in comparison with the mean thrust. The initial press 
the steam acts on the full area of a. piston whose size is deter 
by reference to the mean pressure. The piston and conn 
rod, the framing and other parts of the machine must be 
strong enough for this relatively great initial thrust, also tl 
much wear and tear at joints, and for steady motion a larj 
wheel become* necessary. 

The compound engine avoids the extreme thnist anc 
which would have to be borne by the piston-rod of a single-i^ 
engine working at the same power with the same initial pr 
and the same ratio of expansion. If all the expansion look 
in the low-pressure cylinder, the piston at the beginning i 
stroke would be exposed to a thrust greater even than the s 
the thrusts on the two pistons of a compound engine of 
power. Thus in the tandem engine of fig. 65 the greatest e 
the thrusts will be found to amount to less than two-thirds < 
thrust which the large piston would be subjected to if the t 
were simple. The mean thrust throughout the stroke is of i 
not affected by compounding ; only the range of variation ; 
thrust is reduced. The effort on the crank-pin is conseqi 
le more uniform, the strength of the parts may be reduce 
Miction and wear at joints lessened. Thus even in a tt 
ipound engine there is mechanically some advantage, ai 
lefit of compounding in this respect is obviously much g 
when the cylinders are placed side by side, instead of tandei 
work on cranks at right angles. As a set-off to its advanti 
giving a more uniform effort, the compound engine has the 
back of requiring more working parts than a simple engine wi 
cylinder. But in many instances — as in marine engines 
cmiiks and two cylinders are in any case almost indispensa 
give a tolerably uniform effort and to get over the dead- 
without the aid of a heavy fly-wheel ; and the comparison : 
then be made between a pair of simple cylinders and a j 
compounded cylinders. Another point in favour of the com 
engine is that, although the whole ratio of expansion is 
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«re need not be a very early cut-off in either cylinder; hence 
le common alide-valve, which is unsuited to give an early cut-off, 
my be used in place of a more complex arrangement. The 
[lechanical advantngea of compound working were recognized 
r than its thermodynamic economy, and did much to bring 
it into fevour before, indeed, the practice had grown np of using 
Rteam high enough in pressure to make compounding very dis- 
tinctly economical. 

Aguu, apart from its improved economy the mechanical merits 
of the triple engine have contributed much to bring it quickly to 
tbe position it now holds in marine practice. The advantage of 
three cranks over two in giving uniform effort and compaiatively 
little friction and wear is conspicuous, and a triple engine with its 
three cranks set at 120° from each other is now the standard 
marine tj-pe. 

151 Examples of Indicator Diagrami ttom Compound 
Snglnes. Fig. 69 shows a pair of diagrams from the two cylin- 




fta. ea. ludioator diaBrama ot a Woolf Engine. 

■los of a Woolf engine, in which the steam passes as directly as 
possible from the small to the large cylinder. Both pistons have 
the some length of stroke. The diagrams are dmwn to the same 
*8le of stroke and therefore to different scales of volume, and the 
lo»-pressui-e diagram is turned round so that it may fit into the 
'P«e below the high-pressure diagram. There is some drop at 
we high-pressure release, and further the friction of the passages 
i^uaea the admission line of the large cylinder to lie slightly lower 
'ban the exhaust line of the small cylinder. The transfer of steam 
pi* on throughout nearly the whole of the back stroke until 
Expression bc^na in the small cylinder. The steam then present 
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in the large cylinder continues expanding for the small f 
stroke that is left until the point of release is reached. 

An example of compound diagi'ams for an engine of the n 
type has already been given in figs. 55 and 66, Chap. VI. 

The receiver in that engine was unusually large, wbi 
counts for the nearly level line drawn during the back 
el the small piston. Another example is given in tig. 70, 
shows the diagrams of a tandem receiver engine with cylind 
and 52 inches in diameter and 6 ft. stroke (volume ratio 1 
taking steam at an initial pressure of 80 Iba above the atm« 
With this proportion of volumes and with the somewhat 
cut-ofif shown by the diagrams there is a complete absence i 
objectionable drop and a nearly equal division of work ht 
the cylinders. Expansion valves (see Chap. VIII.) wei ~ 




I 



produce this early cut-offi The exhaust line of the small c; 
dips in the middle, as in fig. 67, but much less, for here the r 
is more capacious. When the cranks are set at right angl 
line rises towards the middle, as fig, 68 indicates. 

Fig. 71 shows a set of triple expansion diagrams, fron 
(by a Committee of the Institution of Mechanical Engint 
the steamship " lona." The cylinder diameters were 
34 in. and 57 io., giving a volume ratio of 1 : 24 : 6'8, and the 
was 39 in. The engines made 61 revolutions per minul 
developed 20S I. H. P. in the first cylinder, 217 io the eecoi 
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220 in the third, with a consumption of 13*35 lbs. of steam per 
lH.P.-hoar. A simple slide-valve was used on each cylinder'. 
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Fio, 71. Indicator diagrams of Triple-expansion Engine^ 

Us. Oombinatlon of the Indicator Diagrams in Com- 
i^^d Bipaneion« The indicator diagrams of a compound engine 
P^y be combined in such a way that the pressures and volumes 
^ the several cylinders are displayed in proper relation to one 
Mother, by the use of a single scale of pressures and a single scale 
^f volumea Some care, however, is necessai^ in the interpretation 

' Beport of the Beaeansh Committee on Marine Engine Trials, Proe. In$t, Mech. 
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of Bach oombmed diagrams, and the oonatmctdon to 
will depend on the aae that is aimed at. 

A common practice is to set out each diagram &011 
no volume through a distaiice which represents the 
the corresponding cylinder. This is illoatrated in fi. 
has heen drawn to exhibit in combination the diagi 
shown in figa. 65 and 66, § 132. Each of the tv 
in fig. 72 is a mean for the two sides of the pist 
distance of each from the line OY is the mean 1 
the coiresponding cylinder. Diagrams drawn in t 
not without their uses, but it must be remember 




amount of substance which ia taking part in the ' 
dififerent in the two parts of the combination, and co 
single adiabatic curve or a single saturation curve can 
be drawn to apply to both. The line SS is the sati: 
for the first stage of expansion, and the line S'lS' fo: 
stage. In this example the cylinder feed per singl 
0-0498 lbs., and the cushion steam was OOOT* lbs. i 
cylinder and 00022 lbs. in the large cylinder. Thi 
curve SS is accordingly drawn for 0-0572 lbs. and S'S' 
The amount of the substance present in the cy 
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general diGTerent in the successiTe stages because of differences in 
the amount of oosliion steam in the several cyUoders : the cylinder 
feed is the same thronghout. If therefore we modify the diagram 
in such a way as to eliminate the cushion steam, leaving the 
cylinder feed only, we may draw a single saturation curve which 
vill serve for all the expansion. 

This is done in fig. 73, which represents the same pair of dia- 
gtBOM, transformed by the following device. From points D, U 
(fig. 78) taken at the places where compression has begun and the 
ohuut is complete, saturation curves are drawn for the cushion 
Bwm in the respective cylinders. These curves are indicated by 




Fm. 73. 
broken lines in the figure : the one that relates to the small cylinder 
IS scarcely distinguishable from the compression curve of the 
"nicator diagram. The diagrams are then redrawn as in fig. 68, 
^iBSy^ horizontal distances from these curves as abscissee. This is 
equivalent to subtracting from the actual volumes throughout the 
^''Srem a quantity which represents the volume the cushion steam 
*°vld occupy if it were saturated at all pressures. The result is 
'^^ the area of the diagram remains unaltered : its area is still a 
'me measure of the work. But a single saturation curve 8S<, 
^ DOW be drawn — namely, for a quantity of steam equal to the 
^linder feed — which will apply equally to both (or all) stages of 
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the compound expanrion. The horizcmtal distance at any 
between the expansion curve in fig. 73 and the saturati 
S^ is the same as the horizontal distance at that pressure 
the expansion curve in fig. 72 and its corresponding s 
curva It still represents the volume which has disapp 
condensation or what is often called the * missing quantii 
chief advantage of this construction is that it makes 
saturation curve possible, and so allows the changes in th< 
of water present to be readily exhibited as the steai 
through the whole course of its expansion. 

This will foe apparent from figs. 74 and 75, which ai 
firom Professor Osborne Reynolds' account of triple engii 
to which reference was made in Chapter Y. Here the 
steam has been eliminated in the manner just describ( 
single saturation curve has been drawn for the cylinder fe 
horizontal width of shaded space between the actual e 
curves and this line measures the water present at any 
the expansion. Fig. 74 refers to a test made without : 




Cub. FL ptrlb. 
FlQ, 74. 

the steam-jackets, and fig. 75 to a test when all the jacli 
supplied with steam at the full boiler pressure of 190 11 
drying influence of the jacket is conspicuous: in fig. 75 
scarcely any condensation in the third cylinder. 

These diagrams relate to an engine built for experimc 
in which the three pistons could move independently, at 

1 Min, Proe. Iwt, C, E., Vol. xc. 
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speedsy and the speeds 
tihe diagrams for combi 




td so 

Cuh.Ft.fer lb, 

FlQ. 75. 



% 



common scale of length of the diagrams was chosen so that the 
▼olumea represented in each are reckoned per lb. of cylinder feed. 
The 8cale of volume is accordingly divided in the figures to show 
cubic feet per lb. of water passing through the engine. This is a 
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method of graduation which might be followed with advantage 
even in ordinary cases, where it is not rendered necessary by the 
pistons having independent speeds, for it &cilitates comparison 
between various trials. 

An additional example of compounded indicator diagrams is 
given in fig. 76, which represents in a combined form the diagrams 
reproduced in § 124, figs. 47 and 48, relating to a trial by 
Mr Longridge of a two-cylinder compound engine where slow 
running and efficient jacketing made the amount of condensation 
in the cylinders considerably less than in the example of fig. 7i 
The diagrams are set out separately as in that figure, with the 
clearance appropriate to each, and the two corresponding satura- 
tion curves are drawn. Here the cylinders were 17 and 34 inches 
in diameter and the stroke was 5 ft. The mean clearance volume 
was 0*26 cubic feet in the high-pressure (^linder, and 0*84 cubic 
feet in the low. 



CHAPTER VIIL 

TALTB8 AND VALVE-GEAES. 

156. Tha Bllda>ValTa. In early steam-eaginea the diB- 
ibiiti<Ht of eteam wa» effected by means of conical lift-valves, 
ong and falling on conical seats, and worked by tappets from a 
i which hong from the beam. The slide-valve, the invention of 
hich is credited to Murdoch, an assistant of Watt, came into 
aeml use with the introduction of locomotives, and is now 
mployed, in one or other of many forms, in the great majority of 

The common or locomotive slide-valve is illustrated in fig. 77, 
(hich shows a sectional side and end elevation and a plan. The 
eat, or surface on which the valve slides, is a plane surface formed 
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fixed to one side of the cylinder, with three 
openings, which extend across the greater part of the 
width. The ports are shown in the plan by dotted lii 
central opening is the exhaust-port through which 
escapes ; the othei-s. or steam-ports, which are narrowerj 
the two ends of the cylinder respectively. The valve i* 
shaped cover which slides upon the seat, and the whole is 4 
in a chamber called the valve-chest, to which steam ft 
boiler is admitted. The valve is pulled backwards and fl 
across the ports by means of a valve-rod which passefl 
the valve-chest through a steam-tight stuffing-box. The 1 
attached to the valve-rod, not rigidly but in such a wi 
while it has no longitudinal freedom to slide along the* 
free to take a close bearing on the seat, under the f 
exerted by the steam on its back. In its middle posia 
valve covers both steam-ports completely, but when it is ■ 
sufficient distance to either side of the middle position,! 
fresh steam to enter one end of the cylinder from tU 
chest, and allows the steam which has done its work td 
from the other end of the cylinder through the cavit* 
valve into the exhaust-port. The valve-rod ia generally tm 
an eccentric on the engine-shaft, which is mechanically &q 
to a crank whose radius is equal to the eccentricity, or dia 
the centre of the shaft from the centre of the eccentrio] 
sheave. The sheave is encircled by a strap to wU 
eocentric-rod is fixed, and the rod is connected by a p 
to the valve-rod outside of the valve-chest. The ecceulrij 
genei'ally so long that the motion of the valve is sensibly ^ 
as that which it would receive were the rod > 

infinitely long. Thus if a circle (fig. 78) be /''^ 

drawn to represent the path of the eccentric- f j 

centre during a revolution of the engine, and *r o\ 
aperpendicuhu-PJlf bedrawnfromanypoiati* \^^ ' 

on % diameter AB, the distance CM is the ^^ 

^spUcement of the valve from its middle posi- 
^ at the time when the ecoentric-centre is at P. AjBj 
iWe travel of the valve. 

»i j^, Xiftad, and Angular Advance. If th^ 

•*fa««d» that when in its middle position it did noti 
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»e steam-ports (fig, 79), any movement to the right or the 1 
'onld admit steam, and the admission would continue until tht 
slve had returned to its middle position, or, in other words, I 




FiQ 79 Slide Valve without Lap 
revolution of the engine. Such a valve would not serve i 
we working ; it would admit steam to one end of the ■ 
ler during all the stroke, and at the same time would exhaust 
bom the other end during all the stroke. As regards the 
ive position of the crank and eccentric it would have to be set 
it ita middle position was coincident in point of time with 
[treme position of the piston ; in other words, the eccentric 
would have to make a right angle with the crank, 
make expansive working possible the valve must be able to 
the cylinder ports closed during some part of the stroke. 
this purpose it must have what is called lap, that is to say its 
edges must project beyond the ports as in fig 80, where e is the 
(nittide lap and i is the inside lap Admission of steam to either 




y 



Fio. 80. aUde.ValTe with Lap. 

end of the cylinder now begins only when the displacement oft] 
'slve from its middle position is equal to the outside lap, aa 
coDtiDues only until the valve returns to the same distance f 
its middle position. Further, exhaust begins only when the vain 
hag moved past the middle position by a distance equal to ttj 
uuide lap and continues until the valve has again returned T 

16—2 
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tlus dwtiince from its middle pwatinB,, Thus let a ciide (t 
be dnwn to i qpree en t the palk of tlie eooentrio-centie. 




Fi0. 81. 

diameter^ which is the whole travel of the yalve, let om b 
off equal to the outside lap e and on to the inside lap i, an 
perpendiculars amb and end be drawn at these distances from 
centre. The points a, 6, c and d then mark the positions of 
eccentric-centre at which the four events of admission, cu 
release and compression respectively occur for one end of 
cylinder. As to the other end the four events are determine 
the same way by setting off the corresponding outside lap tc 
left of and the inside lap to the right of o. The laps ma 
may not be equal for the two ends of the cylinder. For the 
of clearness we may for the present confine our attention to oi 
the two. Of the whole revolution the part from a to 6 is th 
of admission ; in other words, the port is open to steam while 
shaft turns through an angle equal to aob. Similarly be is th< 
of expansion, cd that of exhaust and da that of coropressic 
The relation of these events to the piston's position is 
undefined. If the eccentric were set in advance of the crani 
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Kngle eqtul to /oa, the valve would be just beginning to open 
the piston stroke begins. It is, however, desirable, in order to 
the steam free entry, that the valve should be already some 
ly open when the piston stroke begins, and hence the eccentric 
set at a rather greater angular distance in advance of the crank, 
bus if the aogular position of the eccentric is oa while the crank 
at the dead-point (on the line of) the valve ia already open by 
he distance mq, which is called the lead. The angle by which 
ibe whole angle between the crank and the eccentric exceeds a 
light angle is called the angular advance, this being the angle by 
which the eccentric is set in advance of the position it would hold 
if the primitive arrangement without lap were adopted. The 
Up «, the lead (, the angular advance 0, and the half-travel or 
throw of the eccentric r are connected by the equation 

« + i as r sin ft 
An effect of lead is to cause preadmission, that is to say, the lead 
allovB steam to enter before the back stroke is quite completed, 
ud this increases the mechanical effect of the compression in 
'ouliioning" the piston during the reversal of its motion. 

The greatest amount by which the valve is ever open during 
Uie admission of steam is the distance mff. The width of the 
neftm port is made at least equal to this distance, and is often 
gicater in order that the wider opening n/ which occurs during 
eihaast ma; be taken advantage of. 

168. Oraphic metbod of examining the dlitiibutlon of 
iteam given by a slide-valve. Let the circle APB (fig. 82) 
npresent the path of the crank-pin about the centre 0, the stroke 




bfing AB. When the crank is at any point P the position of the , 
pialon may be found by projecting the point P on AB by drawing 
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a circular arc PD with the length of the connecting-rod PQ u- 
radius and the croea-head Q as centre. Then DO represents the 
displacement of the piston fix>m its middle poaildon, and AD and 
DB represent its distance from the two ends of the stroke. Another 
construction equivalent to this is to draw through the arc OM 
with the length of the connecting-rod as radius, and draw FM 
parallel to AB. PM, being equal to DO, measures the displace- 
ment of the piston from its position at mid-stroke. In speaking of 
the two ends of the cylinder we shall distinguish the one neaia 
the crank as the front end and the other as the back end. The 
stroke towards the crank may be called the in-stroke and the 
other the out-stroke, as marked in fig. 82. 

To find the position of the piston at each of the four events m 
have to make a construction which is equivalent to transfertiog 
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XMn fig. 81 the four positions of the crank which correspond to 
he positioxiB a,b,e,d of the eccentria This is most readily done 
Tfj drawing a single circle (fig. 83) to represent the motion of the 
erank-pin on one scale and the motion of the eccentric-centre on 
moiher scala Taking the diameter AB to represent the piston 
stroke, draw another diameter hk to represent the line hk of 
%. 82 tnmed back through an angle of 90"" + ^, so that the angle 
jlQfc(fig. 83) is equal to 0. Draw ab and cd parallel to this line 
atdistiuices from it equal to the outside and inside laps respect- 
ivdy. The effect is that each of the points a, b, c and d is turned 
lick, in fig. 83, through an angle equal to 90"" + ^ as compared 
lith its position in fig. 82. Consequently these points in fig. 83 
■bow the positions which the crank has at the four events. And 
tike corresponding positions of the piston may be found by 
pojecting the points a, b, c, d on AB by means of circular arcs. 
This is shown in fig. 83, and the indicator diagram is also 
sketched by reference to the positions projected on AB. 

The following is an equivalent and rather more convenient 
construction. Let a circle (fig. 84) be drawn as before to 




^present the eccentric's motion on one scale and the crank's on 
Mother, and let ./IB be the piston stroke. Draw Iik as before so 
^t the angle AOh^d, the angular advance. Taking a centre 
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on OA produced, draw the arc EOF through the centre with 
radius equal to the length of the connecting-rod. Then wbea 
the crank has any position OP the displacement of the valva 
from ita middle position is PN {dmvta perpendicular to hlc)iai 
the displacement of the piston from mid-stroke is PM. AIbo, if 
ab and cd be drawn as before at distances from hk equal to the 
laps, the four events happen at a, b, c, and d, and PQ is the extent 
to which the valve is open when the crank is at P. Similarly 
AL is the extent to which the valve is open at the beginning of 
the stroke, that is the lead. The port has its maximum opening 
when the crank is at Off during admission and at 0/ during 
exhaust, unless its width is so small that it has become com- 
pletely uncovered with a. smaller displacement of the valve. 

The diagram shown in fig. 84, which is a modified form of one 
due to Beuleaux, may readily be applied to determine the chHn&- 
teristics which a alido- valve must have to give a stated distribution 
of steam. Suppose for instance that the travel of the valve, tbe 
lead, and the position of cut-off are assigned. Having marked b, 
the position of the crank-pin at the given point of cut-off in rela- 
tion to the stroke AB, draw a circle with centre A and radius AL 
equal to the lead. Then draw a line through b tangent to this 
circle. This will be the line ba of the diagram. Its incluiatioo 
to BA determines the angular advance, and a perpendicular on it 
from gives Om, which is the outside lap. The inside lap becomes 
determinate when either the point of release c or that of compra- 
sion d is assigned, and it is found by drawing a line through c or 
d parallel to ab, and measuring the distance of this line from 0. 

1B9. Inequality of the dlrtiibutloii on the two «ldei of 
the pirton. So far we have dealt only with the events cone- 
sponding to one end of the cylinder, namely (in the diagram) the 
back end. This has been done only to avoid complicating tbe 
diagram with too many lines. In fig. 85 the construction of 
fig, 84 is repeated with the outside-lap lines ab and a'b' drawn for 
both ends, and also the inside-lap lines cd and c'd', and tiu 
corresponding events are mai-ked. The construction lines relating 
to the front end of the cylinder are distinguished by being dotted 
and their reference letters are accented. The laps have been 
taken equal for the two ends, and an obvious result is llut 
the cut-off ia considerably later at the back than at the front. 
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ompare hm with b'fn\ these being the distances by which 
te piston has passed mid-stroke when the cut-off occurs at 
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the back and finont respectively. This want of symmetry, pro- 
ceeding as it does firom the obliquity of the connecting-rod, is 
dight when the rod is many times longer than the crank but 
becomes important when the rod is short. In the sketches the 
length of the rod is supposed to be three times that of the crank. 

This inequality may be remedied by making the outside laps 
oneqaal, giving less lap to the front end of the valve. When this 
is done, however, the amounts of lead (which are equal with equal 
Ispe) become unequal. But in general it is better to sacrifice 
equality of lead and to secure at least approximate symmetry in 
tte positions of the two points cut-off, when the admission of steam 

• 

w controlled by a simple slide-valve. When a separate expansion 
^ve is used (§ 168 below) the cut-off is determined by it, and not 
by the main slide-valve, and in that case the amounts of lead may 
properly be made equal. In certain cases a somewhat unequal 
distribution of steam is to be preferred, as in the oitiinary vertical 
ixuirme engine, where the work done by the steam against the 
^t or bottom end of the piston is partly spent in raising the 
piston and rods and consequently should be greater than 
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work done against the back or top end which is sappletn 
by the descent of these heavy weights. This difference may bt 
allowed for by providing a later cut-off at the front than at the 
hack, which is done by making the laps still more unequal tban 
a symmetrical distribution would require. 

In cases where the eccentric-rod is itself so short that its 
obliquity should be taken account of, this is readily dooe in 
Keuleaux's diagram (fig. 84< or So) by using circular arcs in place 
of the straight lines ab, hk, cd, these arcs being described with a 
radius which represents the length of the eccentric-rod on the 
same scale as that on which the diameter AB represents the travel 
of the valve, from centres on 0/ produced beyond /. Except in 
rare cases it leads to no appreciable error to treat the eccentric- rod 
as infinitely long. 

Fig. 86 illustrates how a symmetrical distribution is secured 
by reducing the outside lap at the front end. There ai is 




the outside-lap line for the back end and a'b' is the cort'espoDdini; 
line for the front end, These lines are drawn so that the cut-off 
occurs at the same percentage of the stroke at both ends: frm 
and b'm' are equal. The inside laps may also be adjusted in the 
same way to give equal amounts of compression on both strokes 
(or, alternatively, to give symmetrical points of release). The 
amounts of lead, of course, are no longer equal : the lead at the 
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It end haa been considerably increased by the reduction of 
Up. 

160. Zeuner't Valve Z>lagram. The graphic construction 
usually employed in slidt^-valve investigations is the io- 
lious diagram published by Dr 0. Zeuner in the Civilingenieur 
1S56', On the line AB (fig. 87), which represents the travel 
the v&lve, let a pair of circles (called valve -circles) be drawn. 




■with diameter equal to the half-travel. If a radius CP be 

drawn in the direction of the eccentric centre at any instant, it is 

cut by one of the circles at a point Q such that CQ represents the 

corresponding displacement of the valve from its middle position. 

Thai this is so will be seen by drawing PM and joining QB, when 

it is obvious that the triangles CPM and CBQ are equal in all 

respects and CQ = OM, which ia the displacement of the valve. 

The line AB with the circles on it may now be turned back 

through an angle of 90° + d{8 being the angular advance), so that 

the valve-circles take the position shown to a larger scale in 

%. 88. This makes the direction of CQP (the eccentric) coincide 

on the paper with the simultaneous direction of the crank, and 

hence to find the displacement of the valve at any position of the 

'Wok we have only to draw the line CQP in fig. 88 parallel to the 

direction which the crank has at the instant under consideration, 

^hea CQ represents the displacement of the valve to the 

«»le OQ which the diameter of each valve-circle represents the 

> Z«nner, Trtatlte on Vatve-Ocan, tnuul. b; M. MuUer, 1866. 
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half-travel of the valve. CL is the valve's displacement 
begimung of the stroke indicated hy the arrow. Draw circul 
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Fto. 68. Zeoner'B Slide-V&lTe Ditgnun. 

EF and IJ with C as centre and with radii equal to the ot 
lap and the inside lap respectively. CE is the position o 
crank at which preadmission occuia The lead is LM. 
greatest steam opening during admission ia GB, and the gn 
opening to exhaust is the whole width of the port; namely 
Intercepts on the radii within the shaded areas give the i 
and exhaust openings for any angular positions of the ( 
The cut-off occurs when the crank has the direction CF. 
the position of the crank at release, and CJ marks the e 
the exhaust, or the beginning of compression. 
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In the diagram given in fig. 88 radii drawn from C mark the 
^gular positions of the crank, and their intercepts by the valve- 




^0. S9. Zenner^fl construotion to find the Displacement of the Piston. 

^^^^^les determine the corresponding displacements of the valve. It 

'^'^iiains to find the corresponding displacemenDIS of the piston. For 

^•^ifi Zeuner emplojrs a supplementary graphic construction, shown 

^ fig. 89. Here ah or ajbi represents the connecting rod, and he 

^^ hiC the crank. With centre c and radius ac a circle ap is 

^>^wn, and with centre h and radius ab another circle aq. Then 

^or any position of the crank, as c6i, the intercept pq between the 

circles is equal to dOi, and is therefore the distance by which the 

piston has moved from the extreme position which it had at the 

beginning of the stroke. In practice this diagram is combined with 

that of fig. 88, by drawing both about the same centre and using 

different scales for valve and piston travel. A radial line drawn from 

the centre parallel to the crank in any position then shows the 

valve's displacement from its middle position by the intercept CQ 

of fig. 88, and the simultaneous displacement of the piston from the 

beginning of its motion by the intercept pq of fig. 89. As an 

alternative to this the piston's displacement may be found in 

Zeuner's diagram by the construction used in Reuleaux's^ which 

was described in connexion with figs. 83 and 84. 
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As an example of the application of Zeuner's diagram we may 
take the same problem aa before, namely, to find the outside lap 
and angular advance when the point of cut-off and the lead for the 
corresponding aide of the piston are assigned, as well as the travel 
of the valve. The solution is shown in fig. 90. On the base-line 




XX' mark the point M to represent the required point of ca(-off 
and project this on the circle XPX' to find GP, which is the 
angular position of the crank at cut-off. With X as centre dra<r 
a circle with radius XN to represent the given lead. From /^ 
draw PN tangent to this circle. Then CGB drawn perpendicular 
to PN defines the diameter of the valve-circle. The angle XCB is 
the angular advance, plus 90°. and CG is the required outside Up. 
So far as the simpler problems of the slide-valve are concerned 
Zeuner's diagram has no marked advantage over Reuleaux's, It is 
however more readily applicable to cases whero the events of the 
stroke depend on the movements of more than one eccentric, u, 
for instance, in the Meyer expansion gear to be presently described 

161. Bilgram'i Valve Diagram. This is an alternative 
construction shown in. fig. 92 and arrived at as follows. In 
fig. 91 let AED be a circle representing the path of the eccentric- 
centre E, and let C be the angular position of the cmak when 
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^ eccentric is at iS; so that COE is 00'' + 0. Let OD be drawn 
Jdng the angle AOD equal to the angular advance 0. Draw 




Fio. 91. 

DN perpendicular to the direction of the crank 00. Then the 
triangles ODN and OEM are equal, and DN, being equal to OM, 
measures the displacement of the valve from its middle position 
Tvben the crank is at C. 

Hence the position of the crank when admission takes place is 

determined by the &ct that the perpendicular from D on 00 

must then be equal to the outside lap : in other words, 00 will 

ihen be tangent to a circle described about D as centre with the 

outside lap as radium Further, when the crank travels round so 

thai GO produced is tangent to the same circle on the other side it 

has leached the position of cut-off. Similarly, if a second circle be 

dmwQ about D with the inside lap as radius, the positions in which 

0(7 18 tangent to it on its two sides are those of compression and 

release. 

The complete construction, for one end of the cylinder, is 
•hown in fig. 92, There ii OD is the angular advance, OD the 
kalf-travel of the valve, DP the outside lap, and DQ the inside lap. 
^ii C„ (7,, O4 are the positions of the crank at admission, cut-off, 
'Please, and compression, respectively. OL, being the half travel 
niinus the outside lap, is the greatest opening of the port to 
^^^am. DF^ drawn perpendicular to AO, is the displacement of 
the valve when the piston is at the dead-point A, and FO, the 
intercept on this line between AO and a line GH drawn parallel 
^ ^0 touching the outside-lap circle, is the lead. 



L 
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In illustration of the use of this diagram we may take two pro 
blems. (1) Given the travel of the valve, the position of the craol 




at cut-off, and the lead ; to find the lap and the angular 
Taking a base AO to represent the direction of motion of th» 
piston, draw OC^ parallel to the crank at cut-off, and produce it 
through towarda P. Draw a line OH parallel to AO and at » 
distance from it equal to the given lead. Bisect the angle OSP- 
The centre of the lap circle is on this bisecting line, and its 
distance from H is found by sweeping an arc with centre and 
radius OD equal to the half travel. When D is found the drcl* 
is drawn touching OH and PH. and ita radius gives the required 
lap. By joining D with we have the angle AOD, which gives 
the angular advance. 

(2) Given the position of the crank at cut-off, the lead, and 
the greatest opening of the port to steam ; to find the lap and the 
angular advance, aud the travel of the valve. Draw OC, as befuw 
to represent the position of the crank at cut-off and produce jl 
through 0. Draw GH parallel to /lO at a distance below it eqa^ 
to the lead : with centre and radius OL equal to the giveo 
greatest opening of the port draw an arc L. Then find s centn 
D Buch that a circle may be drawn touching this arc and the hiiei 
OH EUkd OP: this is most conveniently done by trial. The ndius 



le circle gives the lap and AOD gives the aagular advance as 
re. 

162. Oral Diagram. A diagram is sometimes drawn which 

QD and the valve. When the pos^itioD of the valve has been 
irmined at varioas phasea of the piston's stroke, whether by 
ileaux's or Zeuner's or any other method, a curve is drawn 
ing for ordinates the displacement of the valve, on a base AB 
; 93) which is the stroke of the piston, the scale of the ordinates 
ig suitably exaggerated to prevent the curve from being 
mveoieDtly fiat on account of the comparatively smatl anipli- 
B of the valve's motion. This gives a species of oval figure 
HDbling an ellipse, but somewhat distorted through the in- 
nce of the connecting-rod's obliquity. To find the events of 

distribution, lines EB and // are drawn above and below the 
e at distances from it equal to the outside and inside laps re- 
ctJTely; theirpoints of intersection with the curve at a, b, c and tf 
k the four events for the corresponding end of the cylinder. For 

other end the outside-tap line E'E' is to be drawn below the 
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Via. 93. Oval Diaprsm for Ihf Slide-Valve. 
id the inside-lap line /'/' above it. The distance 
>eyond the outside-lap line shows at any stage in th 
ent to which the steam port is then open. The leac 
8 not well defined in this form of graphic construct 

Harmonic Diagram. A much more useM ' 
lined by drawing (preferably on section paper) i 


1 

of the 
stroke 
, which ^^M 
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ciirvea to represent the diaplacements of piston and valve 
spectively, each in relation to the angle turned through by 
crank-sbaft. Taking a base (fig. 94) the length of which re 




Fia. 9f. HannoDie Diagram for Ibt Slide- Valve, 
gents the angle turned through in one revolution, let the cs 
ABC'D be drawn to represent by its ordinates the displaces 
of the piston from mid-stroke, for all poaitiona of the ors 
Similarly let a curve EFIJ be drawn with ordinates which are 
any conveniently exaggerated scale) the displacements of the va 
Owing to the angle between the crank and the eccentric 
phase of this curve is 90° + ^ in advance of the other: in ot 
words, the valve attains its maximum displacement at a paint 
the base-line 90" -I- Q earlier than (or to the left of) the point 
which the piston attains its maximum displacement towards 
same side. In drawing fig. 94 an angular advance of 30° has b 
a^asumed, which makes the total displacement of the valve cu 
to the left correspond to 120°. When questions have to 
considered regarding the effect of vai^'ing the angular advat 
one or other of the curves should be drawn on tracing paper 
order that it may readily be slipped over the other into 
position that will correspond to any desired angle. 

Let any line PQfi be drawn perpendicular lo the base-line 
intersect the piston curve in P and the valve curve to. B.. '\ 
displacement of the piston is then PQ and that of the valve is i 
another scale) Qi?. The position of the piston in its stroke 
found by projecting F upon the end line of the diagram (to i 
left) where a scale is marked to show percentages of the stro 
If EF be drawn parallel to the base and at a distance below it eq 
to the outside lap, SiJ, which is the excess of the valve's displacemi 
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teyoDd the lap QS, gives the steam opening at the eame phase c 
ibe Btroke. AdmiBBJon begins at E, ami the corresponding positio 
rf the piston is found by projecting E upon the piston curve at j! 
ud then projecting A upon the scale at the side. The vertica 
i&t&nce from K to A shows the amount of preadmission. At J 
'tte dead-point of the crank, the valve is open to the extent LM{] 
•h other words, LM is the lead. Cut-off occurs at F, and the" 
;0(«r«ponding position of the piston is found by projecting F upon 
>die piston curve at B, and then projecting B upon the scale at the 
'Ait, In the same way the positions of the piston at release and 
itnnpresaion correspond to the points / and J on the valve curve 
ivhen the line // is drawn at a distance above the base equal to 
'tte inside lap. All these events relate to one side of the piston ; 
to obtain the events for the other side the outside-lap line has to 
be drawn above the base and the inside-lap line below it, and the 
points found on the piston curve arc to be projected upon the scale 
which is set out on the right-hand side of the diagram in fig. 94. 
The inequality of lap and lead which is needed to give a symmetrical 
&tribution. and other such problems of design, may he studied by 
help of this diagram with great ease and clearness'. Another 
e&tmple of its use will be given below in connexion with separate 
Ojnn«ion valves (§ 169). 

The ordinates of these curves may be found either by graphic 
construction or by calculation. As to the valve curve, the length 
(pf the eccentric rod is generally so great that its influence 
may he neglected, and in that case the formula i 



nay be used, r being the eccentricity or the half-travel of the 
vslve and a being the angle through which the eccentric has 
turned from the position that corresponds to the maximum dis- 
placement of the valve, 

In the piston curve the influence of the rod is usually con- I 
(JderBble. Let r be the effective length of the crank AP (fig. 95) J 

' Tbc vrilet U indebted to Profeeaor O. Reynolda tor drawing his ackntioQ to I 
0M idnntagc-e of the conatmction illnstrated in Gg. 04. Ab a meani of solving^B 
ttdt-nlre probleoiB it is io several ways eapetior la the melboda more geneially lueT 
b^ditn^uineii. The laboiu of drawing the ccrres ia coniideiable ; but e ut d 
Knn dnini once for all, for vaiioas ratios of crank to coonectiiig rod, will »>' 
Mrputionlu case lobedeoit with very teadil?. Sm » paper b; Prof. W. B.&'A 
■■kMn'nff, April 7. 1833. — " 
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irectiou of motion now being that shown bv the arrow A'. In 

omeof the older engines this was substantially the actual method 

it reversal. The valve rod was temporarily diaeogaged from the 

sccentric and the valve was moved by hand in such a way as 

make the engine begia to turn backwards. It was allowed 

turn until the crank bad moved back through an angle equal 

the eccentric meanwhile remaining at rest, and the 

was then re-engaged. To allow the eccentric to remain 

while the crank turned back through the required angle. 

eccentric sheave instead of being keyed to the shaft fitted 

loosely on it and was driven by means of a spur fixed to the 

iliiift which abutted on one or other of two stops or shoulders 

pojecting from the sheave. Consequently when the engine shaft 

to turn backwards the eccentric sheave did not at once 

follow it, until it had turned through an angle corresponding to 

the distance between the two stops. This device of the loose 

ewentric is not entirely obsolete', but nearly all modem engines 

hich require reversing gear use either the Ixjik-motion or one 

f the forms of radial gear to be presently described. 

In the link-motion there are two eccentrics keyed to the 
ihaft in positions which correspond to CE and CE' in fig. 96, and 
theeods of their rods are connected to the ends of a link which 
p»e8 its name to the contrivance. In Stephenson's link-motion — 
the earliest and still the most usual form — the link is a slotted 
W or pair of bars forming a circular arc with radius equal or 
Nearly equal to the length of the eccentric rods (fig. 97), and 




Fw. 97. Btephi 



It U applied Tor ineunce to the lon-preaBore valve of Mr Webb's compoimcl 
"WioiottveB. In this case there is no need to disengaee the tod tat the engine is 
to begin laming backward; by the action of the high -pressure c^UnderB. 



capable of being shifted up and down by means of a pendulum rod; 
to which it is jointed either at one end or at the middle of dn' 
link. Thin suspension by a pendulum rod also allows the link to 
move sideways as the eccentrics revolve. 

The valve-rod ends in a block which slides within the link, 
and when the link is placed so that this block is nearly in line 
with the forward eccentric rod {R, fig. 97) the valve moves is 
Deariy the same way as if it were driven directly by a single 
eccentric This is the position in "full forward gear." In "full 
backward gear," ou the other hand, the link is pulled up until the 
block is nearly in lice with the backward eccentric rod S'. The 
link-motion thus gives a ready means of reversing the engine, — 
but it does more than this. By setting the link in an iiit«f> 
mediate position the valve receives a motion nearly the same as 
that which would be given by an eccentric of shorter throw and of 
greater angular advance, and the effect is to give a distribution of 
steam in which the cut-off is earlier than in full gear, and the 
expansion and compression are gieater. Hence the mechanism 
also serves to adjust the amount of work done in the cylinder to 
the demand which may at any time be made upon the engine^ 
In mid gear, which ia the position sketched in the diagram, the 
steam distribution is such that scarcely any work is done in the 
cylinder. The movement of the link is effected by a hand lever, 
or by a screw, or (in large engines) by an auiciUary steam-engine. 
A uBual arrangement of hand lever, sketched in fig. 97, has given 
lise to the phrase " notching up," to describe the setting of the 
link to give a greater degree of expansion, by bringing it nearer 
o mid gear. The eccentric rods are sometimes crossed u 
" open " as shown in the sketch. 
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In Gooch's link-motioD (fig. 98) the link is not moved up iu 
Bhiftiag from forward to backward gear, but a radius rod between 
the \'alve-rod and the link (which is curved to suit the length of 
this raditis rod) ia raided or lowered — a plan which has the ad- 
VBBiage that the lead is the same in all gears. In Allan's motion 
{fig. 99) the change of gear is effected partly by shifting the link 
SDd partly by shifting a radius rod Thig, allows the link to be 




straight and has also the advantage that the weight of the link 
tith its eccentric rod on the one hand, and the radius rod on the 
otiier, can be arranged to balance one another when a suitable 
ptoportion is given to the two arms of the short beam from which 
the pendulum rods hang, 

166. Chraphlc Solution of the Linlc^motlon. The move- 

aiait of a valve driven by a. link-motion may be fully and exactly 
uvestigated by drawing with the aid of a template the positions 
of the centre line of the link corresponding to a number of suc- 
*«Bive positions of the crank. Thus, in tig. 100, two circular 
«<» passing through e and e are drawn with E and E' as centres 
"•d the eccentric rods as radii. These arcs are loci of two known 
Points of the link, and a third locus is the circle a in which the 
I*Uit of suspension must lie. By placing oq the paper a template 
" the link, with these three points marked on it, the position of 
™® link is readily found, and by repeating the process for other 
I'^tionB of the eccentrics a diagram of positions (fig, 100) is drawn 
"'^ the assigned state of the gear. A line AB drawn across this 
'"^gram in the path of the valve's travel determines the displace- 
'^^Dts of the valve, and enables the harmonic diagram to be drawn 
•* in fig. J>4, or alternatively the oval diagram as in fig. 93. The 
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example refere to Stephenson's link-motion tn nearly full forward 
gear; with obvioos modification the same method may be used 




in the analysis of Gooch's or Allan "b motion. The same diaj 
serves to determine the amount of slotting or sliding motion o-^^^ 
the block in the link. In a well-designed gear this sliding ii 
reduced to a minimum for that position of the gear in which th*. 
engine runs most usually. In marine engines the auspenaion-roc:^^^ 
is generally connected to the link at that end of the link whicfc^^^ 
is next the forward eccentric, in order to reduce this sliding a^^ 
much as possible when the engine is running in its norma ^ 
condition, namely, in forwai-d gear. 

166. Bquivaleat Eccentric. A lesa laborious, but less 
accurate, solution of link-motion problems ia reached by the u»o 
of what is called the equivalent eccentric — an imaginary single 
eccentric, which would give the valve nearly the same motion as 
it gets from the link under the joint action of the two actui 
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loentrios. The following rule for finding the equivalent eccentrie, \ 

I any state of gear, is due to Mr MacFarlane Gray : — 

Connect the eccentric centres E and E' (fig. 101) by a circularl 




, ,. EE'x length of eccentric rod , , . ^1.1 
: whose niaius= ^— s -, , ee being the ' 

length of the link from rod to rod. Then, if the block is at 
any point B, take EF such that EF : EE' :: eB : ee'. OF then 
represents the equivalent eccentric both in radius and in angular 
position. If the rods of the link-motion are crossed instead 
of open, — an arrangement seldom used, — the arc EFE' is to 
be drawn convex towards C. Once the equivalent eccentric 
has been found the movement of the valve may of course be 
determined by Zeuner's or any of the other methods already 
described'. The method of the equivalent eccentric should not be 
taken as giving more than a first approximation to the actual 
for anything like a complete study of a liuk-motion the 
dc method of § 165 or the use of a model is to be preferred. 

167. Radial Oean. Many forms of gear for reversing and 

tor ¥ftrying expansion have been devised with the object of escaping 
lie iige of two ecct-nlrics, and of obtaining a more perfect distri- 
Imtion of steam thiin the link-motion can in general be made to 
p»e. Hackwurlh's Radial gear, the parent of several others, has 
»angie eccentric^ (fig. 102) opposite the crank, with an eccentric 
wi EQ. whose mean position is perpendicular to the travel of the 
'»lve. This rod ends in a block Q, which slides on a fixed inclined 
foide-bar or link, and the valve-rod receives its motion through a 
wnnecting rod from an intermediate point P of the eccentric rod, 
'be locus of which is an ellipse. To reverse the gear the path in 
'wch Q moves is tilted over to the position shown by the dotted 
and intermediate inclinations give various degrees 



i 
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expansioD without altering the lead. The steam distributior 
excelleat, and the cut-ofi* is sharper than in the nsual link-moti 




but an objection to the gear is the wear of the sliding-block a 
guide. In a modified form of the Hackworth gear this objecti 
is obviated with some loss of symmetry in the valve's motion 
constraining the motion of the point Q, not by a sUding-gtiide as 
fig. 1 02, but by a suspension- 
link, which makes the path 
of Q a circular arc instead 
of a straight line; to reverse 
the gear the centre of sus- 
pension R of this link is 
thrown over to the position 
S: (fig. 103). The same 
figure (103) shows another 
modification of what is sub* 
stantially the same gear, 
namely, the placing of P 
beyond Q, with no angle 
between the crank and the 
eccentric; but P may be 
between Q and the crank 
(as in fig. 102), in which 
case the eccentric is set 
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^ 180"" from the crank. This gear, as arranged by Bremme, 
Marshall and others, has been applied in a number of marine 
^^i^gines. Another t]rpe of radial gear is Joy's, which is exten- 
ively used in locomotives. In Joy's gear no eccentric is required ; 
vid the rod corresponding to the eccentric rod in Hackworth's 
goftr receives its motion from a point in the connecting rod by 
the linkage shown in fig. 104, and is either suspended by a rod 




Pio. 104. Diagram of Joy's Valve-Gear. 



^ho8e suspension centre R is thrown over to reverse the motion, 

or constrained, as in the original form of the Hackworth gear, by 

* dot-guide whose inclination is reversed. Fig. 105 shows Joy's 

S^ as applied to a locomotive. A slot-guide E is used, and it is 




Fxo. 105. Joy's Gear as applied to a Locomotive. 

^^^'^^ed to allow for the obliquity of the valve connecting rod AE. 
is the crank-pin, B the line of piston's motion, and D a fixed 
^^tre. Other forms of radial gear, dispensing with eccentrics 
^^^ more or less closely related to the invention of ' ' 
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bttve been deaigaed by Walscbaert, Uortoo, Brown, Bryce-Douglns, 
Kirk and others'. 

A method of reversing with a common slide-valve, which 
i» 'ised in steam steering engines', is to supply steam to what 
w«a (before reversal) the exhaust side of the valve and connea 
the exhaust to what was the steam side. This is done by 
means of a separate reversing valve through which the stesin 
and exhaust pipes pass. 

168. Separate Expaniion-TalTet. When the distribution 
of Btcam is effected by the slide-valve alone the arc of the crank's 
motion during which compression occurs is equal to the are 
during which expansion occurs, and for this reason the alide-valre 
would give an excessive amount of compression if it were made to 
cut off the supply of steam earlier than about half-stroke. Hence, 
when an early cut-off is wanted it is necessary either to use an 
entirely different means of regulating the distribution of ateim, 
or to supplement the slide-valve by another valve, — called so 
expansion-valve, and usually driven by a separate eccentric, — who« 
function is to effect the cut-off, the other events being determined 
as Usual by the slide-valve. Such expansion- valves belong 
generally to one or other of two types. In one. which is mach 
the less common, the expansion- valve cuts off the supply of steam 
to the chest in which the main valve works. This may be done 
by means of a disk or double-beat valve (§ l"*), or by means of • 
sUde-valve working on a fixed seat (furnished with one or more 
porta) which forms the back or side of the main valve-chest. 
Valves of this last type are usually made in the "gridiron" or 
many-ported form to combine large steam-opening with small 



travel. Expanaion-valves working on a fixed seat may be arran^**' 
M that the ports are either fully open (fig. 106) or closed (fig. l^") 

' A diseuBBion ot Mr Joy'g and oiber arraQgemeaw will be lound !n Pnx. I*"'^ 
Htch.Rng. 1880. Sec also a paper by Mr J. Harriioa on - Radial Valve-Ge***' 
JItH. ftw. iMt. c. E. Vol. cxin., 1893. 

• fne. tntt. Mtch. Eng. 1867. 
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leu the valve is in its middle position. In the latter case the I 

i-vaive eccentric is set in line with or opposite to the I 

■ the engine is to run in either direction with the same I 

■ expansion. Cut-off then occurs when the crank is at P I 
^^^^8), the expansion eccentric being at P', the shaft having I 



tnmed through an angle a from the beginning of the stroke. This 
iiWause the valve is then within a distance equal to I (fig. 107) 
rf ita middle position. The expansion -valve reopens when the 
owkk ia at Q, and the main slide-valve must therefore have enough 
l»p to cut off earlier than 180^-a from the beginning of the stroke, 
in order to prevent a second admission of steam to the cylinder, 
hi the example shown in fig, 100 the expansion eccentric is set at 
right angles to the crank, which ia a usual arrangement when the 
engine b provided with reversing gear, sitice it makes the cut-off 
luppcn at the same place in the stroke for both directions of 
If this condition need not be fulfilled, the expansion 
maj have a somewhat different angular position, and in. j 
ty a more rapid travel at the instant of cut-off may be J 
for one direction of running, \ 

Since the separate expansion-valve of fig, 106 or 107 acta by ' 
CDCtiDg off the supply of steam from the steam-chest, but not 
■'•"Mtly from the cylinder, it does not prevent the steam which is . 
''Wed in the chest from continuing to enter the cylinder until j 
''b main slide itself closes the admission port. When the cut-off 
"/ the expansion-valve is early and the steam-chest is capacious ' 
'nis affects the action materially. 

169. Mejer'i EtxpanBion-valve. The other and muclM 
wtumoner tj'pe of expansion- valve is known as Meyer's. ■ 
wauiats of a pair of plates sliding on the back of the H 

JSO^Talve, which is provided with through ports which I 
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plates open and close. Fig. 109 shows one foim of this t] 
Here it ie the relative motion of the pair of plates forn 





Fio. 10!). Mejer Eipsngiou-Talve. 

expansion-valve with respect to the main valve that I 
considered. If To and I'j (iig. 110) are the eccentrics worW 
main and expansion- valves respectively, 
then CIt drawn equal and parallel to ME 
is the resultant eccentric which determines 
the motion of the expansion-valve rela- 
tively to the main valve. Cut-ofF occurs 
at Q, when the shaft has turned through 
an angle a, which brings the resultant 
eccentric into the direction CQ and makes 
the relative displacement of the two valves 
equal to the distance I. Another form of this valve (correaponi 
to the fixed-seat form shown in fig. 106) cuts off steam at the in 
edges of the expansion-slides. With the form shown in fig. 
the espansion eccentric will be set at 180° from the crank if 
engine is to run in both directions with the same grade of ex; 
sion ; otherwise a somewhat different angle may often be oh 
with advantage, as giving a sharper cut-off 

The action of Meyer's valve may be conveniently examinee 
the help either of Zeuner's diagram or of the harmonic diag 
of § 163. Taking Zeuner's diagram first and assuming, for gre 
generality, that the expansion eccentric is not set just opp< 
the crank, let ihe circles I. and II, (fig. Ill) be drawn to si 
as in fig. 88, by the lengths of their chords through C the ami 
of absohite displacement of the espansion slide and main t 
respectively each from its middle position, when the crank i 
the angular position corresponding to the direction of the ch 
In drawing these circles the angle XCM is set out to i 
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ole angle by which the main valve eccentric is ahead of the 
as in fig. 88, and the angle XCE (also measured against 
rection of the arrow) represents the angle by which the 
don eccentric is ahead of the crank, CM and CE being 
bers of the circles IL and I. respectively. Then if any 
GQP be drawn from C to meet both circles the distance PQ, 

is the difference between CP the absolute displacement 
\ main valve and CQ the absolute displacement of the 
sion-valve, measures the relative displacement of one with 
t to the other. This distance PQ is equal to the chord 012 
lird circle (lU) drawn with CF equal and parallel to EM a^ 
imeter. To prove this make the supplementary construction 
. by the dotted line& Then since the angles at P, Q, R and 

right angles, being angles in semicircles, PQ equals MO in 



(III) 




HI. Application of Zeoner'B Diigram to the Meyer Expansion-valve. 



urallelogram PO, and RC equals MO in the equal triangles 
and FCR. Hence PQ equals RC. A similar construction 



. 
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of wuiBe applies to the return stroke, for which the circle Aomag 
the resultant motion is III'. 

Thus by drawing the circles III. and III', we at once determina, 
by the length of their chords through C, the relative displacement 
of the two valves for all positions of the crank. Cut-off, on 
the part of the expansion -valve, occurs when the crank is in sudi 
ft position that the chord CR is equal to I (fig. 109), which is the 
amount of relative displacement that suffices to close the steam 
passage through the main slide. The expansion- valve reopeu 
when the chord is again diinioisbed to this value, towards the end 
of the stroke, and care must be taken that the main slide W 
enough outside lap to close the steam port leading into the 
cylinder before this stage in the revolution has been reached. 

When the expansion- valve is furnished with a means of 
vaiying /, as in fig. 109, the point of cut-off may be made to tdn 
place early or late, the limit of earlines.* being imposed by th 
condition that I must not be reduced below the amount vhid 
will give a fair steam opening, and the limit of lateness being 
imposed by the consideration that the main slide itst;lf becomeii 
closed at a position determined by its own outside lap. Thfl 
events of release, compression and admission, depending as thej 
do on the main slide-valve alone are found by drawing lap sra 
on the main-valve circle I. in the same manner as in eahtu 
examples of Zeuner's diagram. 

The harmonic diagram of § 163 gives an excellent meatf 
of studying the action of Meyer's valve. Three distinct carra 
having been drawn for the piston, main-valve and expansion- 
valve respectively, showing the di^^placemeut of each in relati"" 
to the angle turned through by the crank-shaft, they are to 1* 
superposed as in fig. 112 (using tracing [laper as before) wiw 
the proper differences of angular position set out by distanC"* 
measured along the baae-line between the points at which t** 
maximum displacement towards one side occurs in each. B*?"" 
valve curves must have the same scale. Then the relat>*'* 
displacement of the valves is everywhere shown by the verti*^ 
distance between the main-valve curve and the expansion-val ' 
curve. Cut-ofl" ia made to occur at any desired place in t>*^ 
motion by making the quantity ( of fig. 109 equal to the distat»** 
found by measurement between the two valve curves at C-^^ 
corresponding point of the base-line. Thus in fij 



VALVES AND VALVE-OEARS, 



ed to cat off Bteom when the piston has Lravctled 257o of its | 
te, the corresponding point P is found b^ projection from the 




lie at the side, PR is drawn and the intercept TR \s measured : 
is determinefi the proper length of the ' lap ' I. With a smaller 
9' the cut-off comes earlier, and in the particular example 
own in the figure the admission may be reduced to 10°/^, of the 
roke or even less by reducing I The diagram' relates to a 
ae m which the expansion eccentric was set at 180° in advance 
ihe crank and the main-valve eccentric at 130° (making d = 40"). 
Jth eccentrics had the same throw, giving a travel of \o5 inches 
each valve. The main-valve had an outside lap of 0"4 inches 
I Inth sides : this gave equal amounts of lead, namely O'l inches, 
it Would have made the cut-off unequal on the two sides, namely 
TO"/^ of the in-stroke or down-stroke and at 62% of the out- 
foke or up-stroke, if the cut-off had depended on the main-valve. 
nee the cut-off is accomplished earlier, by means of the expansion- 
Ive, this inequality does not matter. The inside laps of the 
UD-valve were made unequal so that they should give the same 
Dpression on both sides, namely by stopping the exhaust at 80°/, 
each back-stroke ; their values, found by pi-ojection from points 
8O7, on the stroke scale, were 0'24 inches on the front or 
^m side and 0^14 inches on the back or top side. 
By measuring distances such as TR between the two valve 
■yes it will be seen that equal cut-off on the two sides can only 1 
secured by having different values of I at the two ends of the J 

' Dnwo b; Prof. DeWij lot a, small vertical eipeiiment&l engine 1 
g lAbontor; at Ckmbriclge. 
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valve. Thus TR ia 033 iDches and T'R, which alao oorrespondi 
to a 25°/, cut-off. is 042 iaches, or nearly one-tenth of an iwh 
more. A constant difference between the values of I at the two 
ends is in fact preserved in Meyer's gear while the values of i are 
varied, and in this case the diagram shows that a constant differeow 
of about one-tenth of an inch suffices to keep the points of cauS 
practically symmetrical from say 107o to 35 7a of the stroke. Wlwn 
the cut-off ia to be later than 35°/, equality can only he presened 
by reducing slightly the difference between the values of I. Tie 
difference between them can be varied in practice by Bhiftins 
the expansion -valve bodily towards or fi-om its eccentric, provideJ 
the valve-apindle in the eccentric rod be furnished with a soref 
coupling or other device which permits its length to be altered 

The alteration of the espaosioa by varying the 'lap' I is accom- 
plished in the ordinary form of Meyer's valve in a way which will 
be evident on reference to fig. 109. The valve rod has right and 
left-handed screws on it working in nuts which control the 
longitudinal positions on the rod of the two blocks that make up 
the ex pans ion -valve. Hence by rotating the rod the block) 
are made to approach or recede from each other, thus increasing 
or reducing the lap I at each end, but leaving any difiereoK 
between the laps at the two ends unchanged. Matters are 
generally arranged so that this adjustment can be made while thft 
engine is running, by means of a sleeve and liand-wheel which an 
usually fitted on a prolongation of the valve rod through the back 
end of the steam-chest. The cut-off may also be varied bj 
altering the travel of the expansion-valve, instead of its lap, In 
some examples of the Meyer gear the expansion is varied auto- 
matically to suit the varying load upon the engine, the governor 
being connected to the expansion- valve in such a way that either 
the lap or more commonly the travel is varied in response W 
variation in the speed. When the travel is to be altered a link, 
oscillating about a fixed centre, is interposed between the valvB 
rod and the eccentric rod, and by sliding the end of the eccenW* 
rod up or down in the link, the link is made to act aa a levtf 
of variable length. 

In a modified form of this valve, known as Kider's, tbs 
expansion- valve is a species of piston working in a cylindno' 
hole bored out of the main-valve. The steam passages termisftt' 
in a pair of oblique slots within this hole, and the front and te^ 
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idges of the piston-shnped expansion-valve are also CTit obliquely, 
lith the result that whtn the valve is turned about its axis its 
nJgea approach or recede from the oblique slots which form the 
leam ports. This turning can be effected by the governor. 

170. Formi of Sllde-valT». Double-ported valve. 
Prick Talve. In designing a sliile-valve the breadth of the steam 
iwts in the direction of the valve's motion is determined with 
(ference to the volume of the exhaust steam to be discharged in 
I given time, the area of the ports being generally such that the 
lean velocity of the steam during discharge ia less than 100 feet 
ler second. The travel is made great enough to keep the 
jlinder port fully open during the greater part of the exhaust; 
(a thia purpose it is 2^ or 3 times the bre^idth of the steam port. 
To facilitate the exit of steam the inside lap is always small, and 
I often wanting or even negative, especially in engines which are 
lesigned to run at a high speed. During admission the steam 
lort is rarely quite uncovered when the valve reaches the end 
if its travel, particularly if the outside lap is large and the 
Wei moderate. Large travel has the advantage of giving freer 
figreas and egress of steam, with more sharply- defined cut-off, 
Wmpression, and release, but this advantage is secured at the 
Kwt of more work spent in moving the valve 
of the laces'. To lessen the necessary travel 
*itbout red uc in J,' the area of steam ports, 
lioable-ported valves are often used, and 
"tiwonally there are even three porta at 
wch end. An example of a double-ported 
»»l?e ia shown in fig. 114. Fig. 113 shows 
lie Trick valve, a device which accomplishes 
«e same purpose by giving simultaneous 
Hmission in two ways ; steam enters directly 
P*st the outer edge, as in an ordinary slide- 
Wlve and at the same instant an opening at the 
'*'her end of the valve is uncovered by passing 
"*J0n(i the edge of the raised seat on which 
™e valve works. This gives a supplementary 
Wmiasion, to the same cylinder port, through Fio. us. 

» passage cast in the back of the valve itself. ^"=1' ^»'*''- 

For an eiperimenlBil inreBtigalioD of the frictJoD of locomaliTe sUde-valveB m 
' P«p«r bj Ur J. A. F. ABpinall, Hin. Ptoc. Out. C. E. Vol. icy.. 1888. 

18- 



and more wear 
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171. Relief FrameB. To relieve the pressure of the valve ' 
"D ibe seat, large slide-valves are generally 6tted with what is 
failed a relief-frame, which excludes steam from the greater part J 
of the back of the valve. In a common form of relief-frame a ring 1 
iSts steam-tight into a receaa in the cover of the steam-chest, and | 
is pressed by springs against the back of the valve, which ia 
planed smooth to slide under the ring. Another plan is to fit the 
Xing into a recess on the bark of the valve, and let it slide on the 
loside of the steam-chest cover. Steam ia iu either case excluded 
ft-om the space within the ring, any steam that leaks in being 
*illowed to escape to the condenser (or to the intermediate receiver ] 
^wiien the arrangement is fitted to the high-pressure cylinder of a 
ccmpound engine). A flexible diaphragm ia aometimea used to 1 
ttwke a ateam-light partition between the back of the relief-frame j 
*Wd the cover of the \alve-cheat, and in that case the frame may I 
*^e the form of a rectangular casting with a planed face, which 
*'einMn8 at rest while the valve, the back of which is also planed, 
slides beneath it. Fig. 114 gives an example of a relief-ring 1 
fitted on the back of a large double-ported slide-valve for a marine 
engine. 

172. Piiton Valves. The pressure of valves on cylinder I 
faces is still more complotely obviated by making the back of the 
valve similar to its face, and causing the back to slide in contact , 
*ith the valve-chest cover, which has recesses corresponding to 
the cylinder ports and communicating with them. Thia arrange- | 
Went is most perfectly carried out in the piston slide-valvea now ' 
"erj largely naed in the high -pressure cylinders of marine engines. I 
A he piston slide-valve may be described as a slide-valve in which 
'be Valve face ia curved to form a complete cylinder, round whose | 
■"■oole circumference the ports extend. The pistons are packed i 

*® Ordinary cylinder pistons by metallic rings, and the ports are 
^^^®8ed here and there by diagonal bars to keep the rings from 
'P'^Oging out as the valve moves over them. Fig. 115 shows a 
'"**! of piston valve for a marine engine. fP ai-e the cylinder 
V^*^, and the supply of eteam reaches the valve through two ' 
^^'•iuct inlets at the top and bottom. In another form of piatoa 1 
'*■© the rod connecting the two pistons is hollow and forma a ] 
■ **itnuni cation between the steam chambers above ami below th^ 
'^e, thus making one steam inlet suffice. 
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An interestiog %-ariety of the piatoQ valve occurs 
Wilhos ■ central-valve ' eagine to be described in a later q 
In tbiii case the piston-rod of the engine Js boHow and its 
forms the cylindrical chamber in which the valve sHdea, the 
of the dislHbutioQ being determined by the relative mo 
of the main piston-rod and the pbton valve within it. 

173. Bocklng Slide-valve. The slide-valve sometim< 
the form of a disk revolving or oscillating on 
a filed seat, and sometimes of a rocking 
cylinder (fig. 116). Thi** bust kind of sliding 
motion is veiy URuat in stationary engmes 
fitted with the Corliss gear, nhich will be 
more particularly described in the next chapter, 
in which case four distinct rocking slides are "siid&V 
commonly employed to effect the steam distri- 
bution, one giving admission and one giving exhaust at e« 
of the cylinder (see fig. 138). A characteristic of the Corl 
is that the steam valve after being held open during admii 
disconnected from its eccentric by means of a " trip" device 
allows it to close suddenly under the aetion of a spring. 

174 Double-beat valve. The Coroiih catam 

mftny stationary engines lift or mvshroom valves are used, 
by tappets, cams, or eccentrics Lift valves are geaeratlf 




Ft*. 117. Double-Beat Litt-Talrc. 

type (fig 117), in which equilibr 
^ipproximated to by the use of two 
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luces of nearly the same size which open or close together. In 
Comish pumping engines, which retain the single action of Watts 
early engine, three double-beat valves are used, as steam-valve, 
t^niiibrium- valve, and exhaust-valve respectively. These are 
citeed by tappets on a rod moving with the beam, but are opened 
by means of a device called a cataract, which acts as follows. 
The cataract is a small pump with a weighted plunger, discharging 
fluid through a stop-cock which can be adjusted by hand when 
it is desired to alter the speed of the engine. The weighted 
plunger is raised by a rod which hangs from the beam, but is free 
in its descent, so that it comes down at a rate depending on the 
extent to which the stop-cock is opened. When it comes down a 
certain way it opens the steam and exhaust valves, by liberating 
catches which hold them closed; the "out-door" stroke then 
be^ns and admission continues until the steam-valve is closed ; 
lliia is done directly by the motion of the beam, which also, at a 
'ater point in the stroke, closes the exhaust. Then the equi- 
librium-valve is opened, and the "in-door" stroke takes place, 
during which the plunger of the cataract is raised. When it is 
''OBipleted, the piston pauses until the cataract causes the steam- 
''alve to open and the next "out-door" stroke then begins. By 
^p()lying a cataract to the equilibrium- valve also, a pause is 
'Otroduced at the end of the "out-door" stroke. Pauses have the 
^vantage of giving the pump time to fill and of allowing the 
P*ijnp- valves to settle in their seats without shock. 

The Sulzer engines, already referred to in chapter V. (§ 1 24), give 
***»e out of many examples that might be cited from Continental 
E^tiBctice, in which the admission and exhaust are controlled by 
***iiahroom valves of the double-beat type. The exhaust- valves are 
t*laced below the (horizontal) cylinder and the admission valves 
^l^ on the top. The latter are opened by eccentrics and are 
*Virnished with a trip gear which allows them to close suddenly, 
%iviug a sharp cut-off aa in the Corliss engine'. 

1 For otber examplw of mashroom valve-gears Bee Hoeder'B Handbook of iht 
^ttam-E«si"', Trnn. by H. H. P. Powles (1893), 
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178l Method* of regulating the work done In a i 
engine. To make aa eugioe rim steadily au almost coutin^ 
process of adjuslmeDt must 3^ on, by which the amount 
done hy the st«am in the cylinder is adapted to the at 
extenuJ work demanded of the engine. Even in cases « 
demand for work is sensibly uniform, fluctuations in boiler-pi 
still niake regwiation necessary. Generally the process of govent- * 
nttiut aims at regularity of speed ; occasionally, however, it is some 
1 othvr coodilioo of running that ia to be maintained constant, as 
D an engine driving a dynamo-electric machine is governed by 
I «lectrio T\;guUtor to give a constant ditference of potentilt 
letwoen the brashes — a condition which often requires the engia* 
ft rua rather (asler when it is giving a greater output. 

The onlioary methods of regulating are either (a) to alter tbe 
which steam is admitted by opening or closing more a 
I a throt lie-valve between the boiler and the engine, or (6)W 
ihw khe volume of steam admitted to the cylinder by varying the 
iDuit of cat-oC The fiimier plan was introduced by Watt, and i» 
il fiomiDoo, especially in small engines. From the point of viev 
'. beat economy it is somewhat wasteful, sinoe the proceas of 
i invv«riible in the thermodynamic sense, but tbis 
> is lpNM>tivd by the fact that the nHre-drawing of steam 
• w superheats it, and consequently reduces the condensation 
1 it sufTvrs on coming into contact with the chilled cyUndtir 
*"* On the other hand, to hasten the cut-off does o"' 
' * ivxIucUon of efficiency unless the ratio of expansiw i* 
^"•■y great. The second plan of regulating is in g 
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jeferred, especially when the engine is subject to large 
of load, and it is usually followed in stationary engines 
irger types. 

Automatic regulation by Centrifugal speed Ghi- 
I, Watt'i Conical Pendulum aoremor. Withia 

Kniits regulation by either plan can be effected by hand, 
the finer adjustment of speed some form of automatic 

ia necesaary. Speed governors are commonly of the 

il type : a pair of ma^'ses revolving 

spindle which is driven by the 
■re kept from flying out by a 
ontroUing force. When an increase 

occurs this controlling force is no 
ile to keep the nrn-sses revolving in 
ner path ; they move out until the 
Ig force is sufficiently increased. 
oving out they act on the regulator 
gine, which may be a throttle- valve 

form of automatic gear by which 

off is varied. In the conical pendulm 

g, 118) the revolving masses are balls 

Rpindle by rods, and the controlling force is furnished 

fight of the balls, which, in receding from the spindle, 
|ed to rise. When the speed exceeds or falls short of its 
slue they move out or in. and ao raise or lower a collar C 
in connexion with the throttle- valve through a lever. The 

o-rods may be hung from the ends of a T-piece attached 

Folving spindle instead of being pivoted in the axis aa in 
and in some cases tliey cross each other und the spindle 

1 fig. 124.. 

ZtOaded OoTemors. In a modified form of Watt's 
; known a.s Porter's, or the loaded governor, the tendency 
balls have to fly out ia resisted not only by their own 
Ibut also by a supplementary controlling force which i 
d by a weight resting on the sliding collar (fig. 119). This J 
equivalent to increaaing the weight of the balls without J 
their mass. In other governors the controlling 1 
.gravity only ia wholly or partly f 
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by Bpringg. Fig. 120 ahowa a governor b; Hessn Ta 





Fio. 119. Loaded OoTeraor, Fio. 190. Spriog OoTernor 

which the baits are coDtroUed partly by their owd wei 




Fib. 111. SpriHK UoTonuu (W. Hmiinell}. 
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]t Spring, the tension of which ia regulated by turning 
the top. Another example of a. governor with spring 
lown in fig. 121, There the balls move in a sensibly 
and consequently their weight contributes nothing 
listing the tendency to By out. A certain amount 
wwitioiial control, however, is supplied by the weight of the 
Kling collar and the parta which rise with it, unless these are 
onterbalanced. 

178. ControUlDg Force. In whatever way the tendency 

the balls to fly out be resisted, whether through their own 
ight or through a supplementary load or through springs, it is 
iTenient to treat the control as equivalent to a certain force F 
tug on each ball in the direction of the radius towards the axis 
Rrolutioo. We shall call this the cotitroUing /orce. The value 
F variea, in a given governor, when the position of the balls 
nges. If it were not for friction, the controlling force for any 
itiun of the balls could be found experimentally by applying a 
bg-balance t« each ball, with the governor at rest, and noting 

force required to hold the ball in the assigned position when 
1 force was applied directly away from the axis of the governor. 
mg to friction such an experiment would give two extreme 
if the force, for if the pull on the spring -balance were 
the ball would not move further out until the pull 
uue equal to F-i-f. where / denotes the influence of friction. 
i if the effect of friction in resisting the return of the bill were 
same as its effect in resisting the displacement outwards, the 
I of the spring-balance might be reduced to F~/ before the 

would begin to move in. A mean of these extremes would 
e the tnie controlling force in cases where the influence of 
foju remained unchanged. 

When the governor is running the influence of friction is in 
eral less than when it is at rest i but the effect still is to make 

actual force which the ball experiences, pulling it towards the 
idle, greater or less than F according as the ball is on the 
nt of moving out or moving in. 

179. Condition of EiqulUbiium. Once the controlling force 

n known the speed at which the governor must revolve in order 
make the balls take up any assigned position is readily calcu- 
td. If Jf be tht mass of the ball (iu Iba.), n the numbt "*" 
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revolutions per second and r the radius (in feet) of the path in 
which the balls revolve, equilibrium will be maintained when 

F, the controlling force, being expressed in poundals. Hence the 
speed corresponding to the assigned configuration of the governor 
is defined by the equation 

For the present, friction is left out of account; its influence on the 
speed will be considered immediately. 

180. Condition of Stability. A governor is said to be \ 
stable when (apart from the influence of friction) any small finite \ 
increase or decrease of speed above or below the speed proper to 
any given configuration makes the balls go out or come in by a 
finite amount, so that tliey reach a new position of equiUbriom 
corresponding to the new speed. 

In order that a governor should be stable F must increase 

more rapidly than r when the balls move outwards. That is to say, 

hF hr . 

-p must exceed — . This follows, by the above equation, fix)m the 

fact that the new position of the balls is to correspond to a greater 
value of the speed n. 

If F varied just proportionally to r, » would be constant for all 
values of r. This state of things would correspond to neutral 
equilibrium on the part of the governor: its consequences are 
considered more particularly in §183 below. 

181. Equilibrium of the Conical Pendulum Gk>vemar- 
Height of the Governor. When the governor is a simple 






Fio. 122. 



Fio. 123. 



Fio. 131. 



conical pendulum controlled by gravity only and without loa^ 
other than the weight of the balls themselves — a condition neve^ 
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l(ait« realised in practice, siuce the weight of the sliding coll 

teid its attached part§ always applies some extra 

'load which adtla to the controlling force — F is 

the resultant of /*, the tension In the sugpeiiding 

tod and F, or Mg the weight of the ball (figs. 

1S2 — 124). The triangle of forces is sketched 

in fig. 125. This applies whichever of the three 

fcrraa shown in figs. 122, 123, and 124 is given to 

the governor. Let the height of the pendulum 

goveraor, that is the vertical distance from the 

plane of rotation of the balls to the point where Fio 

the axis of the suspending rod (produced if 

neceseary) cuts the axis of the spindle, be called h, 

Ming absolute units for the forces, 

F:Mg::r:h, 
from which 

Mgr 




Thei 



F = ^f^and«: 



.1 /3 
■IttV h' 



Hence in a governor of this type, the condition of stabilil 
ii»y be expressed by saying that ft must diminish when tt 
speed increases. This will obviously happen if the form be thi 
flf fig, 122 or fig. 123. With the crossed-rod form of %. 124 tl 
height A will increase when the balls rise only if the points i 
luspension are not far from the axis. By placing them at 
particular distauce from the axis, h may be kept very nearly 
tonatant : in other words, this governor may be arranged to 
We nearly neutral equilibrium, so that a very small change la 
lie speed n may be associated with a large change in the position 
of the balls. When the centres of suspension are put further from 
^e axis the mechanism sketched in fig. 124 becomes unstable, 
snd is then unfit to serve as a governor. 

182. Equilibrium of Loaded Governor The result 

obtained in the last paragraph arc readily adapted to the case ofi 
* governor of the Porter type (fig. 119). Let M' be the amount 
"' the extra load, per ball (in general M' is one-half the total 
Mtra load), and let q be the velocity ratio of the vertical movi 
"lent of the load to the vertical movement of the ball — a qm 
*lii€h is easily found by calculation or graphically when the 
^jLtbe governor is given. Then each ball, in being 
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outwards, has not merely to raise its own weight but has t 

what ia equivalent to an additional weight equal to q tim 

L weight of M'. The effect of the load ia therefore to increu 

Fcontrolhng force F from —^ , in poundals, to ^ ^ — '-^—. 

the condition of equilibrium still ia that F should be equal I 
4fit^*rM. Hence the speed n at which the governor must no 
turn to maintain any assigned height k is 



_ 1 / (M+qM-)g 

f Compared with the simple or unloaded form, this governor require 
& higher apeed in the propi>rtion of VAf + gM' to -JM. 

In the ordinary construction of the Porter governor the t 

I links form a parallelogram and consequently the vertical move- I 
ment of the load borne by the sliding collar is twice that of the I 
balls, or g = 2, And as the whole load is divided betwi 
balls, each ball virtually has its weight, but not its mass, increased 
by an amount equal to the whole weight of tlie ceutral load. 





Fio. 120. Flo. 127. 

Another way of considering the equilibrium of the Porter 
governor may be mentioned. Let the mass of each ball be Jlf and 
let that of the load be 2M' as before. The load, the weight of 
which is 2M'g in poundals, is home by the tensiona in the f" 
lower rods (fig. 126). By drawing the triangle abc which i" 
the diagram of forces for the load, and in which ab or F, IM tbfl 
weight of the load, we find the value of F, and F\ which are tiw 
tensions in the lower rods, Then draw Id or Fj to represent the 
weight of one ball (namely Mtr). and draw the horizontal liw 
tie to meet a line ce drawn from c parallel to the diroctioa of 
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»per rod. The figure ecbd is the polygon of forces actiDg 
i ball, ed being the resultant controlling force F. The 
at which the governor will run is determined by t)ie con- 
tbat 4nrWrM is to be equal to this force ed. In the usual 
f parallel rods, ace is one straight line and then 

ed^adtana, or F ^ {M + 2M')ff tsna, 
i a is the inclination of the rods to the vertical. Since 
^T this expression agrees with the one given above. 

B3. Sensibility in a Oovemor. Isochroniim. Any 

^e of speed in a governor tends to produce a change in the 
ion of the balls, and if the governor itself and the regulating 
lanism connected with it were free from friction only one 
ion of the governor would be possible for any one speed, 
ided the condition of stability were complied with. If there- 

the supply of steam depends on the position taken up by 
governor balls a stable governor does not maintain a strictly 
tant speed in the engine it controls. Whenever the boiler 
sore or the demand for work changes a certain amount of 
lacement of the balls is necessary to increase or reduce the 
m supply, and the balls can retain their new position only by 
le of continuing to turn slower or faster than before. The 
imum change of speed which can occur under the control of 
governor is that which will make the balls move from one to 

other extremity of their range — namely, from the position 
ch allows the full supply of steam to the position which com- 
ely checks the supply. Of course if the engine is overloaded 
|[iving it too much external resistance to overcome, the speed 
^ be further reduced after the governor has done ail that it can 
bo let steam in freely, but the variation of speed for which the 
emor is responsible is only that which makes the change from 
steam to full steam. When a small variation of speed suffices 
to this the governor is said to be sensitive, its sensibility being 
«ured by the reciprocal of the ratio which this variation of 
Mi bears to the mean speed. 

The more stable a governor is the less sensitive is it ; on tH» 
iT hand when the equilibrium is neutral the sensibilil 
^finitely great. The controlling force F then varies i 
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and hence* n is constant (§ 17U) at whatever distance firoi 
axis the balls revolve. In other )|ords, the balls are in equilil 
at one speed and only at one (except for friction), and the 
variation from this speed suffices to send them to one extr 
or the other of their range. A governor having this qual 
said to be isochronous. Friction makes the condition of 
isochronism impossible, but many governors are made i 
isochronous by arranging them so that, as the balls an 
placed, the controlling force increases only a little more rs 
than r. 

184. Iiochronimi in the Oravity Oovemor. Para 
Goremor. An ideal frictionless governor, in which the 
trolling force is fiimished by gravity, can be made isochi 
if the balls instead of being hung by rods from fixed poin 
constrained to move in a parabolic path, as in fig. 128, whe: 
cap or channel which holds the ball is so shaped that the lo 




Fig. 128. 



the centre of the ball, shown by a dotted curve, is a parabola, 
pressure of the ball against the cup is equivalent to the te 
of an imaginary suspension rod PQ ; and it is a property o 
parabola that the sub-normal QM, which represents A, is con 
wherever P be taken along thip curve. Hence a ball supp 
in this way would remain in equilibrium at one particular g 
of xotatioii on the part of the cup, but would fly up to the 
of the cup if the speed were ever so little increased, and ^ 
fl^k to the foot if the speed were ever so little reduced. 
fig 129 shoire a practical form of parabolic governor^ 

tt h BnA*! fVfV on " A Steam-engine GoYernor," Proe. Imt. 



mpturtant feature is the air-cylinder at the top, formiog a dash- 
tot, which is famiuhed with a small adjustable orifice through 




FiQ. I'iU. I'arkbolio Ooveroor. 

-which cur is driven out or in as the balls rise or fall. The function 
of this is to check the tendency which the balls have to Aunt 
(§ 190 below), or to fly violently m or out when the speed drops 
below or rises above the normal value. 

185. Approxiinate IioohronUm In Pendulnin Ctoramorf . 

A useful approximation to the condition of isochronism can be 
reached in the conical pendulum governor by using crossed rods 
with the centres of suspension at a suitable distance from the 
axis. If each centre of suspension were so placed as to be at the 
centre of curvature of a parabolic arc which coincided, at the 
position corresponi^g to the normal speed, with the actual circular 
cu7e ^ong which the balls rise and fall, the governor would be 
■maibly isochronous at that speed. By taking points a little 
■Karer the axis for the two centres of suspension a margin of 
stoliility, always necessary in practice, is seciired, but the governor 
« left nearly enough isochronous to be very sensitive. 
'Kesed-rod type of governor, which ia due to Farcot, ii 
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Fu. 13L ProII*! GoTemor. 

I of redaciDg the stability of the pendnlum type. Let t^^ 

i anpported not at the joint between the links as in ^^ 

rj Porter governor bat at the end of an arm projectii^^ 

V and rigidly connected to the lower link. By a prop^ 
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icnce of the length of this arm the contmlling force maybe made 
I nearly proportional to the radius as may be desired. 

Pendulum governors of the stable class are occasionally loaded 
indirectly, the weight which forms the load being applied at some 
point in the lever by which the governor is connected with the 
valve. This allows the load and therefore the speed to be adjusted : 
further, by applying the load at the end of a cranked arm in the 
lever in such a way that it becomes less effective when the balls 
go out, the system can be made approximately isochronous. 

186. Govemora with spilnff control. Atljufltment of 

ItlTeneH. When springs furnish the controlling force, in 
I or part, as in the governors shown in figs, 120 and 121, their 
is generally adjustable. This gives a convenient means of 
ritering the speed; at the same time it affects the sensitiveness 
of the governor. In spring governors which are constructed so 
that the radial dLipIacemeut of the balls produces a proportional 
change in the tension of the spring, the condition of isochroniam ■ 
tan be approached, as ne-arly as may be wished, by giving tho | 
•pring a suitable amount of initial tension. Thus in Mr Hartnell's 
^iparatus, fig. 121, where the balls move in a nearly horizontal 
direction and gravity has almost nothing to do with the control, 
the governor can he made isochronous by screwing down the 
^ng so that the initial force exerted by the spring (before the 
Wla are displaced) is to the increase of this force by the dis- 
placement of the balls, as the initial radius of the balls' path is to 
"i6 increase of that radius by the displacement. This makes F 
I*oportional to r, and thereforo requires no change in n as the 
•■ftlla move out. Any greater initial tension would make the 
P'Vemor unstable, and a less tension is in fact necessary, in order:! 
"■at the sensitiveness may not be impracticably great. I 

187. Determination of the Controlling Force. Whatever 

"^ the method of control, by weights or springs or both, the control- 
"^^ force F may generally be calculated for any assumed position 
" the balls. The simple pendulum governor both unloaded and 
'''aded as in fig. 119 has already been considered. A case such as 
'Wt of fig. 120 or fig. 121 presents no difficulty when the stifG 
^tid initial tension of the spring are given. Slightly leas lifm 
**se3 of the loaded governor present themselves whei 

p joints between the upper pair of I 
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the lower pair which carry the load. Let the ball Jtf (fig. 13!) bt 
fixed on the upper link AB, at any place either beyond B 
between A and B. First lind F^, the atresa 
in BC, from the consideration that BC and its 
twin link on the other aide are in simple 
tension and support between them the load. 
Then the forces acting on ABM, namely Fi, 
the tension in BC, F, which is the weight 
of the ball, and F which is the force to be 
determined, are in equilibrium, and hence F 
is readily found by taking moments about A. 
We here treat F as the equilibrant instead of 
the resultant x>f the forces which are actually 
applied, for the sake of bringing the system into static equilibriu 
When the ball is carried by the link BC or by a piece ripi 
connected to it as in PrCira governor we 
may proceed thus (fig. 133); — The forces 
concerned in the equilibrium of the rigid 
piece CBM are (1) F, the half weight of 
the load acting at C, which is the vertical 
component of the pull at the joint C, (2) the 
horizontal component F^ of the pull at the 
joint C, (3) the tension Ft in the link AB, 
(4) the weight of M, or F.^, and finally (5) the 
force F which is to be determined. The 
resultant of F, and f, no longer acts along 
BC for there is a bending moment on the 
piece CBM. Compound F, and F, into 
Since F^ and F are horizontal, this vertical force F^ 
wholly balanced by the vertical component of the stress 
in AB. Hence F, is foimd by drawing a right-angled 
triangle (fig. 134) with a line parallel to AB as 
hypotenuse and with a vertical side equal to F,. 
Haying found F, we are in a position to take moments 
about C in order to find F, which is now the only 
unknown force not acting through C. 




188. Influence of Friction. Power of the Oovcn 

We may express the influence of friction on the behaviou 
a governor by treating it as equivalent to a force wit^ 



nine / acting radially on each ball, in tlie same 

Hth the controlling force F when the balls are moving 

e opposite direction when they are moving in. This 

r whole controlling force F+f in the former case and 

! latter. Let n be the speed proper to the force F 

f there were no friction any increase of speed above n 

to alter the configuration, making the balls move 

a consequence of friction this does not happen until the 

increased by some finite amount An such that 

by, should the speed fall below the normal speed n 
I any configuration, friction prevents the balls from 
f to move in until the reduction of speed A'n is such 

lin consequence of friction the speed may alter as much 

e and A'n below the normal speed n, while the position 

I remains unchanged. From the above equations, if 

kll relatively to n, as it always should be in practice, we 

ucimately, ^^^H 

^-/ ^1 

n ~2F- ^^ 

tion of speed due to friction is independent of whatever 
iation of speed the governor may allow in consequence 

ilibrium being stable (§ 183), and would of course be 
1 even with a governor which except for friction was 



1 the effects of friction within moderate limits it is 
lat F should be great in comparison with / The 
[resistance / proceeds partly from the joints of the 
itself but mainly from the throttle- valve spindle or from 
■ion gear the position of which the governor has to 
[ A powerful governor, namely a governor with a large 
\ controlling force F, is therefore required when any 
amount of frictional resistance in the valve "" 
|to be overcome. With simple pendulum govemoK 

B power in this sense is to make the balla X ^^_ 
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Load^ governors have the advantage that great pover ma; be 
secured with comparatively small revolving mauseft The qoalit^ 
of powerfulness in a governor is increased whenever Uie coa- 
trolling force is increased, whether by gravity loading w by tkt 
ose of springs. From another point of view, the loaded govemv 
{with the same revolving masses) is more powerful because it nn> 
at a higher speed ; but this is just because its controlling lone / 
is greater. 

189. OnrvM of OontroUlttf Torce. The consideraticn of 
sensitiveness and powerfulness in governors generally is grett^ 
elucidated by using a graphic method, suggested by Hr Harbtell', 
of exhibiting the controlling force. Having found ¥ for Tanona 
positions of the balls, let a curve PjP) (fig. 135} be diawn ii 




Fio. 13^. Curve of CoDtroUing Foroe. 
which abscissie represent r the radius of the balls' path ^ 
ordinates represent F. To fiud the configuration proper to sO? 
aasigned speed n draw a line OS at such an inclination tb^^ 
tauiSOX = 4iir'n'J/, due regard being had to the scales of ¥ and ' 
When the base OX is taken equal to unity on the scale used *' 
plotting r, the value of SZ is equal to 4ir^'if on the scale us^ 
in plotting ¥. Let P be the point in which this line cuts tJ' 
curve of F. Then since 

J- = P^ = 0^ tan FOA = 47r*nVif, 

it follows that the point of intersection P determines theradi*' 

OA at which the governor will run when the speed is n. Similarl 

tht) tangent of the angle which is made with the bnse byanyoth^ 

" Proc. Iml. Utch. F.ng. 1883. 
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line drawn from to meet the curve, such as 0P\ or OP^, is 
pfoparttooal to the aquare of the speed at the corresponding patb- 
ttdius 0^1 or OAr Thus if OA^ be set off to represent the least 
nd OAt the greatest radius, coirespondiiig to the positions giving 
full steam and no steam respectively, the inclinations of the linea 
Of, and OPt determine the whole range through which the speed 
vill alter in consequence; of the stability of the governor (apart 
hm any effect of friction). 

Further, if a pair of additional curves Q,Q, and RiRt be drawn 
uinSg. 136 to represent the values of 1"+/ and i"-/ respectively, 
in relation to r, the diagram shows 
tbe additional changes of speed 
that are dne to friction. The 
lowest possible speed is then de- 
tormined by the inclination of 
tie line OR,, the highest by that 
of the line OQ^ 

Again, the whole work done 
'Q altering the configuration of 



le governor, while the balls move 




Fio. 136. Cnnres ofControlIiug Force, 
taking Irietlon Into uooimt. 



th, 

^Ut from A^ to At would 

Cor each ball) equal to the area 

■^li',/'^, if there were no fric- 

'*on to be overcome : actually it 

is the area AJ^,Q,Ay. And as 

tV»« hall comes in from A^ to A, the part of the stored energy 

**Vuoh is recovered is measured by the area jl,H,fi,il„ the rest 

"Hving been spent on frictioa The area PiQiQ^Pt is the work 

®peDt against friction while the governor is closing the throttle- 

^alve or shifting the expansion gear from full steam to no steam. 

The powerfulness of the governor is measured in a definite 
'*^*nner by the tvrea AiPiP-,A^, namely, the work stored and 
'"^stored (save for friction) as the governor balls open or close 
**u-oughoQt their range. In order that friction should cause no 

^'y serious irregularity in speed this area must be many times 
S^t-i^ter than the area P,Q,Q^P^ or P,P,R,R,. These last areas 
, "^ equal if the friction / has the same value in closing as 
^ Opening the valve (as we have assumed above), but the con- 

*^ction shown in fig. 136 is evidently applicable whether/ has 
^ lias not the same value during the rise and fall of ii 



rapidly than the radius. A strictly isochronous govern 
have for its curve of F and r a straight line passi 
produced, through 0. If this condition were fulfiUei 
line without fricti-m J',/',, the line with friction Q^{ 
lies above P^Pt &% a more or less constant distance from 
in general be less steep than a line from drawn to 
which would mean that friction would make the otherwia 
governor unstable. This is one reaiion why the i« 
governor is impracticable. The governor of fig. 136 
notwithatanOing friction. 

190. Hunting. Apart from the reason just stated 
dispensable to give a governor some margin of stability, ( 
when any change of speed takes some time to affect the 
steam. An over- sensitive governor is liable to produt 
engine which it governs a state of forced oscillatioa callec 
Several reasons contiibute to produce this etfeot. "1 
alteration of speed begins to bo felt, however readily ths 
alters its form the engine's response is more or less delay 
action of the regulator does not immediately take full e£ 
the speed in consequence of the energy that is stored w 
engine itself, not only in its moving parts but also in ti 
that has passed the regulator and is still doing wor 
engine. If the governor acts by closing a throttle-vi 
engine has still a capacious valve-chest on which to^ 
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Ike speed rises ao much as to force the governor into a position of 
•er-control, auch that the supply of steam is no longer adequate 
R) meet even the reduced demand for power. Then the speed 
Bckens, and the same kind of excessive regulation is repeated 
p the opposite direction. A state of forced oscillation ia con- 
Kquently set up. The tendency to hunt depends upon the fact 
pat the rate at which steam does work is not immediately 
NDtrolled when the load on the engine varies, but that there is 
b time-lag between any variation in the load and the proper 
BRresponding variation in the action of the steam. A similar 
pme-lag with a consequent tendency on the part of engine to hunt 
may proceed from another cause, which is independent of the 
Storage of steam between the regulating valve and the engine 
piston. A sensitive governor, especially when it is of the relay 
tjpe described below (§ 195), may take some time to come to its 
new position when the load is suddenly reduced. The governor 
begins to close the throttle-valve or to hasten the cut-off. But 
this takes time, and meanwhile the supply of steam is excessive 
md spends itself on the fly-wheel of the engine, giving it 
increased speed. By the time the supply ia adjusted the speed 
W risen beyond its normal value, and a stage is reached when 
the regulating mechanism is carried too far and the supply is too 
much reduced. Thus a condition of forced oscillation may be set 
up even in ca-ies where there is no storage of steam. The tendency 
» especially noticeable in engines with heavy fly-wheels running 
DDcler light loads : under a heavier load the same engine may 
pnfem well without hunting. Again, hunting may be caused by 
fe friction of the governor and of the regulating mechanism. 
Miction prevents the governor and regulator from beginning to 
ehangie its position until the speed has changed by a finite 
Wnount, and when once the movement bpgius it goes beyond the 
pWirt proper for steady control. The efiect is aggravated by the 
^Omentum which the governor balls acquire in being displaced, 
i^^llationa of the governor due to its own inertia are often 
I^evented by introducing a viscous resistance to the displacement 
^ the governor, which prevents the displacement from occurring 
wo suddenly, without affecting the ultimate position of equi- 
[""ium. For this purpose many governors are furnished with a 
n*^-po(, which is a hydraulic or pneumatic brake, consisting of a 
B||^Xuiuiected to tbp irovernur, working loosely in a cylinder 
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wMch is filled with oil or with air. An instance of the nse of i 
dash-pot has already been mentioned in speaking of the parabolic 
governor of fig. 129, 

191. Oovemor with horisontal axis. In some high-speed 
engines the governor bails or blocks instead of revolving about a 
vertical axis are arranged about the main shaft of the engine, 




Tta. 1S7. OoTernor ot Armington and Bihib En^ne. 



aometimes within the fly-wheel, the control being given byBpring* 
An example ia shoivn in fig. 137, which is the governor of tha 
Armington and Sims engine. Here the governor produces auto- 
matic variations of the cut-ofl^ by acting on the main slide- 
valve of the engine (there being no separate expansion -valwl 
The displacement of the revolving masses M. M changes both the 
throw and the angular advance of the eccentric, thereby effecl- 
iug a change in the steam supply similar to that produced by 
'■ notching up " a link-motion. The eccentricity B is altered by 
the relative displacement of two parts C, D into which the eccentric 
sheave ia ^vided. This relative displacement not only changes 
the length of Ji but gives it more or less of angular advance'- 
Governors resembling that of fig. 137 are often set on a borizontal 
axis in small high-speed engines. 

192. Throttle-valve and automatic EzpanaioD-geS' 

The throttle- valve, as introduced by Watt, was originally a d\0* 
turning on a transverse axis across the centre of the steam-pip* 



' For other soremow of a liko kind see Mr Hortnell's paper cited »l 
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is now usually a double-beat valve (fig. 117) or a piston-valiw. 
leo regulation is effected by vaiyiog the cut-off, and an expan- 
D-valve of the slide-valve type is used, the governor generally 
8 by changing the travel of the valve. Fig. 121 illustrates 
B Dsual mode of doing this, by giving the expansion valve its 
jtion from an eccentric rod through a link the throw of which is 
tried by the displacement of the governor balls. In some forms 
automatic expansiou gear the governor acts upon the lap of 
le expansion valve. In others it acts by shifting the expansion 
icentric round upon the shaft and so changing its angular advance. 
B others, again, it acts on an ordinary sHde-valve through some 
inn of link-mutiori or in suijh a way as hag Just been described. 

193. Corliu and other Trip-gear. In large stationary 
dgines the most usual plan of automatically regulating the 
apansion is to employ some form of trip-gear, the earliest type 
if which was introduced in 1849 by G. H. Corliss of Providence, 
C5. In the Corliss system the valves which admit steam are 
iistinct from the exhaust- valves. The latter are opened and 
Awed by a reciprocating piece which takes its motion from an 
iwentric. The former are opened by a reciprocating piece, but 
IK closed by springing back when relea.sed by a trip- or trigger- 
letiun. The trip occurs earlier or later in the piston's stroke 
iccordiiig to the position of the governor. The admission- valve 
fc opened by the reciprocating piece with equal rapidity whether 
tiiG cnt-off is going to be early or late. It remains wide open 
}iinDg the admission, and then, when the trip-action comes into 
^t'S.it closes suddenly. The indicator diagram of a Corliss engine 
Wiseqnently has a nearly horizontal admission-line and a sharply 
Icfined cut-off. Generally the valves of Corliss engines are 
iD'iindrical plates turning in hollow cylinrlrical seats which extend 
lows the width of the cyHnder. Often, however, the'admission- 
^ves are of the disk or double-beat type, and spring into their 
•eats when the trip-gear acts. Many forms of Corliss gear have 
'teen invented by Corliss himself and by others. One of these, 
^ Spencer Inglis' trip-gear, by Messrs Hick, Hargreaves & Co., 
■ shown in figs. 138 and 139. A wrist-plate A, which turns on a , 
pin on the outside of the cylinder, receives a motion of oscillatioA I 
^n an eccentric. It opens the cylindrical rocking-valve B Ml 
^^ ' i>roc. Iml. Sltch. Eng. 1868. AJ 



pulling the link C, which consists of two parts, connected to each 
other by a pair of spring clips o, a. Between the clips there is s 




rocking-cam h, and as the link is pulled down this cam plti«s 
itself more and more athwart the link, until at a certain pitnt i* 
forces the clips open. Then the upper part of the link spring* 
back and allows the valve B to close by the action of a spring >** 
the dash-pot D. When the wrist-plate makes its return rtrok^ 
the clips re-engnge the upper portion of the link 6', and thiug* 
aru ready for the next stroke. The rocking-cam 6 has its poatio** 
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fatrolTed by the governor through the link E in Buch a way that 
ken the speed of the engine increases it stands more athwart 
le link C, and therefore causes the clips to be released at an 




Inglia form. 



ier point in the stroke. A precisely similar arrangement 
prvems the admission of steam to the other end of the cylinder. 
The exhaust-valves are situated on the bottom of the cylinder, at 
the ends, and take their motion from a separate wiist-plate which 
oscillates on the same pin with the plate A ', 

Fig, 140 shows a compact form of trip-gear by Dr Proll. A 
Jwking-Iever ah is made to oscillate on a fixed pin through its 
centre by a connexion to the crosahead of the engine. When the 
end a rises, the bell-crank lever c engages the lever d, and when a 
is depressed the lever d is forced down and the valve e is opened 
to adtnit steam to one end of the cylinder. As a continues 
moving down a point is reached at which the edge of c slips past 
the edge of d, and the valve is then forced to its seat by a spring 
U the dash-pot f. This disengagement occurs early or late 
^Wording to the position of the fulcrum piece g, on which the 
heel of the bell-crank c rests during the opening of the valve. 
The position of </ is determined by the governor, which is of the 
'M already mentioned in §185. A similar action, occurring at 
*tie other end of the rocking-bar ah, gives steam to the other end 
"* the cylinder. In one form of Proll's gear both ends of ab act 
'^ the same steam-valve, which is then a separate expansion- valve 

famiB of Corlies gear bis illastraled in W. H. Uhlnnd's woik a 
tranilftted b; A. TnlhaaBen (London, 18T9J. 
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fixed on the back of a chest in which an ordinary slide-TalvS 
works. 




Fio. 140. Pioll' 



EipsnsioD Qewt. 



194. Disengagemeat OoTemon. In the ordinary fonn of 
centrifugal governor the position of the throttle-valve, or tbe 
expansion-link, or the Corliss trigger depends on the confignntion 
of the governor, and is definite for each position of the balls. In 
disengagement governors, of which the governor A shown on the 
right-hand side in fig. 141 is an example, any reduction of speed 
below a certain value sets the regulating mechanism in motion, 
and the adjustment continues until the speed has been restored. 
This is done by means of the wheel c which comes into gear with 
a wheel on the end of the spindle a when the speed falls beli>* 
a certain limit. Similarly a rise of speed above a certain Un»*^ 
sets the regulating mechanism in motion in the other direction bj 
putting 6 in gear with a. If the spindle a is connected to tb^ 
regulator so as to give more steam when it turns one way and le^ 
when it turns the other, the speed at which the engine will rU*" 
in equilibrium must he between narrow limits, since at any spe^*^ 
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high enough to keep b in gear with a the supply of steam will go 
on being reduced, and at Any speed low enough to bring c into 




Fia. 141. Knowles's Supplementary Governor. 



gear with a the supply will go on being increased. This mode of 

governing, besides being sensibly isochronous, has the important 

advantage that the power of the governor is not limited by the 

controlling force on the balls, since the governor acts by applying 

a portion of the power that is being developed by the engine to 

the work of moving the regulator. It is rarely applied to steam- 

eng^es, mainly because its action is too slow. This defect has 

l)ee& ingeniously remedied in the supplementary governor of Mr 

W, Ejiowles, who has combiued a disengagement governor with 

one of the ordinary type in the manner shown in fig. 141 ^ Here 

the spindle a, driven by the supplementary or disengagement 

governor A, acts by lengthening the rod d which connects the 

orfinary governor B with the regulator. It does this by turning 

a coapling nut e which unites two parts of d, on which right- and 

left-handed screws are cut. Any sudden fluctuation in speed is 

unmediately responded to by the ordinary governor. Any more 

or leas permanent change of load or of steam-pressure gives the 

^pplementaiy governor time to act. It goes on adjusting the 

^pply until the normal speed is restored, thereby converting the 

^trol of the ordinary governor, which is stable, and therefore not 

^ Proc. Inst, Mech, Eng. 1884. 



isochronous, into a control which is isochronous as regardt ill 
fluctuations of long period. The power of the combinatign, 
however, ia limited to that of the ordinaiy governor B. 

196. Relay OoremonL Other governors which deserve b> 
be classed as disengagement governors are those in which ^e 
displacement of the governor affects the reguhitor, not direcllj 
by a mechanical connexion, but by admitting steam or other fluid 
into what may be called a relay cylinder, whose piston acts on iht 
regulator. In oi-der that a governor of this class should woric 
without causing the eugiue to hunt, the piston and valve of tbe 
relay cylinder should be connected by what is 
termed differential gear, the effect of which ia 
that for each displacement of the valve by the 
governor the piston moves through a distance 
proportional to the displacement of the valve. 
An example of differential gear is shown in 
fig. 142, Suppose that the rod a ia connected 
with the governor so that it is raised by an 
acceleration of the engine's speed. The rod o 
which leads from the relay piston b to the 
regulator serves as a fulcrum, and the valve- 
rod d is consequently raised. This udmits 
steam to the upper side of the piston and 
depresses the piston, which pulls down (2 with 
it. since the end of a now serves as a fulcrum. Thus by the 
downward movement of the piston the valve is again restoreil 
to its middle position and the movement of the regulator then 
ceases until a new change of speed occurs. A somewbat similar 
differential contrivance ia used in steam -steering engines to malM 
the position of the rudder follow, step by step, every movemenl 
of the hand-wheel'; also, in the steam reversing gear which i* 
applied to large marine engines, to make the position of tho 
drag-link follow that of the hand-lever; and also in certaiB 
electrical governors'. The effect of adding a differential gW 
such as this to a relay governor or other disengagement govan* 
is to convert it from the isochronous to the stable type. 



' See a paper by Mr J. MaoFarlane Gn>y, Prtx. Intt. Uee\. Snff. 1 
■ Willftns, Uin. Proe. Intt. C. E„ Vol. uiii. p. 106. 
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196. SUTerentlai or dynamotnetrlc Gktremort. Another 
roup *if governors ia best exemplified by the "differential" 
oremor of the late Sir W. Siemens' (fig. 
43). A spindle a driven by the engine drives 

piece b (whose rotation is resisted by a 
Iktion-brake) through the dynamometer 
Bupling c, consisting of a neat of bevel-wheela 
a lever d which is loaded, the weight of 
load acting at right angles to the plane 
i the paper. So long as the speed remains ''"'■ '" H»«n.eM> 
Uostant the rate at which work is done on 

brake is constant and the lever d is steady. If the speed 
ncresseiH, more power has to be communicated to b, partly 

overcome the inertia and partly to meet the increased 
of the brake, and the lever d is displaced. The lever d 
lorks the throttle-valve or other regulator, either directly or by a 

im relay. The governor is isochronous when the force eni- 
iloyed to hold d in position does not vary ; if the control of d is 
Riiuged so that the foi-ce tending to hold it in position increases 
•hen d is displaced, the governor is stable. A governor of this 
may properly be called a. dynamometnc governor, since it 
Bgnlates by endeavouring to keep constant the rate at which 
■ergy ia transmitted to the piece b. In one form of Siemens'a 
[Meraor the friction-brake is replaced by a sort of centrifugal 

itnp, consisting of a paraboloidal cup, open at the top and 
otlom, whose rotation causes a fluid to iise in it and escape over 
te rim when the speed is suflSciently great. Any increase in the 
Ip's speed augments largely the power required to turn it, and 
niaequently affects the position of the piece which corresponds 

A' Sieinens's governor is not itself used to any important 
ttent, but the principle it embodies finds application in a number 
' other forms. 

The"velometer" or marine-engine regulator of Messrs Durham 
Id Churchill' is a governor of the same type. In Jt the rotation 

a piece corresponding to & is resisted by means of a fan 

Volnng in a case containing a fluid, and the coupling piece 

"" 18 the mechanical equivalent of c! in fig. 143 acts on the 

' Pro*. Inil. Mech. Eng. 1868. 

» Ptik. lift. Mech. Eng. 1856; ot PhiC. Traiu. 1866. 

" Proc. Intt. Mtch. Enj. 1879. 
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tbrottte-ralTe, not directly but through a steam relay. In Silm'i 
marine governor' the only friction-brake that is provided to naiA 
the rotation of the piece which corresponds to & is a set of air- 
vanes. The inertia is, however, very great, and any acceleratioii 
of the en^ne's speed consequently displaces the dynamometer 
coupling, and so acts on the regulator in its effort to increase ibe 
speed of 6, 

Another example of the differential type is the Allen governor', 
which has a bn directly geared to the engine, revolving in a case 
containing a fluid. The case ts also free to turn, except that it ii 
held back by a weight or spring and is connected to the regulator. 
So long as the speed of the fan ia constant, the moment required 
to keep the case from turning docs not vary, and consequently the 
position of the regulator remains unchanged. When the bn tnnu 
faster the moment increases, and the case has to follow it (acting 
on the regulator) until the spring which holds the case from 
turning is sufficiently extended, or the weight raised. The term 
" dynamometric governor " is equally applicable to this form ; the 
power required to drive the fan ia regulated by an absorption- 
dynamometer in the case instead of by a transmission-dynamo- 
meter between the engine and the fan. In Napier's governor 
the case is fixed, and the reaction takes place between one 
turbine-fan which revolves with the engine and another close lo 
it which is held from turning by a spring and is connected with 
the regulator. 

197. Pump OoTcmori. Pump goveraors form another group 

closely related to the differential or dynamometric tj-pe. An 
engine may have its speed regulated by working a small pump 
which supplies a chamber from which water or other fluid is allowed 
to escape by an orifice of constant size. When the engine quickens 
its speed the fluid is pumped in faster than it can escape, and the 
accumulation of the fluid in the chamber may be made to act on 
the regulator through a piston controlled by a spring or in oihet 
ways. This device has an obvious analogy to the cataract of lb* 
Cornish pumping-engiue (§ l?*), which has, however, the some- 
what different purpose of introducing a regulated pause at iht 
end of each stroke, or rather scrvee this purpose in addition w 
regulating the number of strokes per minute. The " differential 



' Brit. Au. Rep. 1869, p, 123. ' Prot. liui. Mtch. Eng. 18S3. 
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^gear " inveDted by Mr H. Davey, and suecesafiilly applied by 
' to modem pum ping-engines, combines the fiinctions of the 
Msh cataract with that of a hydraulic governor for regulating 
expansion'. In this gear, which is shown diagrammatically in 
J4i, the valve-rod of the engine (a) receives its motion from a 




Fio, 141. Dsvej'a Differential Vftlve-Gear. 

BT b, one end of which (c) copies, on a reduced scale, the 
tion of the engine piston, while the other end (d), which forms 
) folcrura, has its position regulated by attachment to a sub- 
iaiy piston-rod. which is driven by steam in a cylinder e, and 
fcrced to travel at a nearly uniform rate by a cataract / The 
{■nt of cut-off is determined by the rate at which the main piston 
knakea the cataract piston, and consequently comes early with 
It loads and late with heavy toads. 



QovemlDg Maiioe Engiaea. The government of 
Irine engines is peculiarly difficult on account of the sudden 
Id violent fluctuations of load to which they are subjected by the 
Kruate uncovering and submersion of the screw in a heavy sea. 
Bwever rapidly the governor responds to increase of speed by 
Biing the throttle-valve, an excess of work is still done by the 
torn in the valve-chest and in the high-pressure cylinder, To 
Kck the racing which results from this, it has been proposed to 
nplement the control which the throttle-valve in the steam- 
Be exercises by throttling the exhaust or by spoiling the 

' Ptoc. Iiul. ileeh. Eng. 1874. 
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vacuum. With the same object Messrs Jenkins and Lee have 
given supplementary regulation by causing the governor to open 
a shunt-valve connecting the top with the bottom of the low- 
pressure eylinder, thus allowing a portion of the steam in it to 
pass the piston without doing work In Dunlop's pneumatift^ 
governor^ an attempt is made to anticipate the racing of tilt 
screw by causing the regulator to be acted on by the changes of 
pressure on a diaphragm which is connected by an air-pipe with 
an open vessel fixed under the stem of the ship. ▲ plan hii; 
been used on small steamers by Mr W. B. Thompson to prevent; 
the racing of the engines by working the valves fix>m a lay shaft 
which is driven at a uniform speed by an entirely independent 
engine. So long as this lay shaft is not driven too fiist the main 
engine is obliged to follow it; if the lay shaft is driven fiuter, 
than the main engine can follow the main engine pauses so m 
to miss a stroke, and then goes on. Reversing the motion of the 
lay shaft reverses the main engine. 

^ Proc, Imt. M^eh, Eng. 1879. 
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THE WOEK ON THE CRANK-SHAFT. 

199. Fluctuations of Bpeed during any single revolu- 
n : ftinctlon of the Fly-wbeel. Besides those variations of 
ed which occur from stroke to stroke, which it is the business 
the governor to check, there are variations within each single 

Toke over which the governor exercises no control These are 
; to the varying rate at which work is done on the crank- 
ift during its revolution. To keep them within reasonable 

mits is the function of the fly-wheel. It acts by forming a 

seervoir of energy to be drawn upon during those parts of the 
ilution in which the work done on the shaft is less than the 

ork done by the shaft, and to take up the surplus in those parts 
the revolution in which the work done on the shaft is greater 
m the work done by it. To accomplish this alternate storing and 
itoring of energy the fly-wbeel has to undergo slight fluctuations 
speed, whose range depends on the ratio which the alternate 
EcsB and defect of energy bears to the whole stock of energy the 

f-wheel holds in virtue of its motion. The duty of the fly-wheel 
ly be studied by drawing a diagram of crank-effort, which sho^ra 
; work done on the crank in the same way that the indicator 
[gram shows the work done on the piston. The same diagram 
■ves another useful purpose in determining the twisting and 

Hiding stress in the crank. 

200. Diagram of Crank-effort. The diagram of crank- 
Tort is best drawn by representing, in a curve drawn with reot- 
Igular co-ordinatea, the relation between the torque or moment 
hich the connecting-rod exerts to turn the crank and the angla 
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turned through by the crank. When the angle is expressed in 
circular measure, the area of the diagram is the work done on thi 
crank. Or instead of selecting the turning moment and the u^ 
turned through as the two co-ordinates, we may lake the tangearii 
effort on the crank-pin as one co-ordinate, namely the force whifll 
is found when the thrust against the crank-pin is resolved tiam 
the tangent to the crank-pin's path, the other component haBj 
directed towards the centre of the crank-shaft and consequenil 
exerting no turning moment. The linear motion of the crank-pin 
in its circular path is then taken as the other co-ordinate of ibt 
crank-eSbrt diagram ; and the area still represents the vork doM 
upon the crank. 

Neglecting friction for the present, and supposing in the finrf 
place that the engine runs so slowly that the forces required i» 
the acceleration of the moving masses are negligibly small, thi 
momeat of crank-effort is found by resolving the thrust f of tl 
piflton-rod into a component Q along the connecting-rod anJ 




component normal to the s-urface of the guide (fig. 14S). 
moment of crank-effort is 

rcosa 



Q-CM=P-GN=Pr3mii(l + - 



v'i'-j^sin'a 

where CN is drawn perpendiculai- to the centre line or 
the piston, r is the crank, I the connecting-rod, and 
ACB which the crank makes with the centre line. 
determination of CN is the most convenient 



1 

travel mj 



the angle, 
graphiflj 
practice, unless tbs' 
connecting-rod is so long that its obliquity is negligible, wheu thai 
second term in the above expression vanishes. Fig. 146 shows thfl; 
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diagium of crank-effort determioed in this way for an engine 
whose connecting-rod is 3J times the length of its crank, and in 




which steam is cut off &t about one-third of the stroke. The 
thniBt P is determined from the indicator diagrams of fig. 146 by 
tsldng the excess of the forward pressure on one side of the piston 
over the back pressure on the other side, and multiplying this 
eBective pressure by the area of the piston. The area of the 
iagram of crank-effort ia the work done per revolution. 

In the example for which this diagram is drawn it happens 
thftt there is very little compression 
of steam at the end of each back 
stroke, and consequently the foi-ward 
pressure is greater than the back 
pressure throughout the whole of 
its stroke. In many cases, however, 
tbe back pressure rises so much toward 
'he end of the stroke that the resul- 
tant thrust on the piston opposes its 
tnotioD, the diagram of resultant steam 

pressure taking a form such as that sketched in fig. 147, and 
consequently the ordinates in the corresponding part of the 
crank-effort diagram become negative. 

Another way of expressing the relation of the moment of 
cmnk-effort to the thrust P on the piston is to resolve the thrust 
Q along the rod into a component T in the direction of the 
tangent at B, and a component along BC. The former alone 
exerts a moment on the shaft, and its moment is T'CB. To find 
T we have, by the principle of work, T- Vg = P- Vq, where Vg 
Bnd Vo are the velocities of the crank-pin and piston respectively. 
Hence 

P-Vo_PIO 
V/- IB ' 
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turned through by the crank. When tbt 
circular meaaure, the area of the diagnuo 
crank. Or instead of selecting the tumiii . 
turned through as the two co-ordinatee, v 
effort on the crank-pin aa one co-ordina' 
is found when the thmst against the c 
the tangent to the crank-pin's path, t 
directed towards the centre of the cr 
exerting no turning moment The lii 
in its circular path is then taken as 
crank-effort diagram ; and the ana s 
upon the crank. 

Neglecting friction for the pn«#^^, ^ f^^^^ g^ ^ 
place that the engine nns m ^xtn^^^ j^^gj^^ ^ ^^ ^^^ 
the acceleration of the moving- ft ^^ ^j ^j^ ^^^^ A m fti 
moment of crank-effort is faaaS * — *inB /fiv i4Ki • and tk 
piston-rod into a component *J^d rf piMiig tl^ngh tk 
^i: aoBjfc to make an isg^ ♦ 
* ^KUtbe pin's surface. 1^ 
z^ ij tkmst let a " frictiaft- 
j md) pin. namely a cirda 
i ~ zhe ftotu&l radius of tiia 
I r ^ _ ^ ajds wfl] make the angle ^ 

^ ^MT of die pin and will th«n- 
^Aj^piitfrictioa. The throat 
smM Bb b<^ circles ; it moll 



component normal t-> 
moment of crank-effort i 




q-CM=PCS 



where GN is dir 
the piston, r i.v 
4(7S which th.' 
determination of 
conn ec tin g-i 
gecond term 





^ ^. -«: ;e »B(SSe li>€ rotation of 
*" r^iB up^tBin "rf Tvttttion of tiie 
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pta is shown by curved arrows in the figure, where the friction- 
TOclea are drawn to a greatly exaggerated scale. Finally, P (after 
aJJowing for the friction of piston -packing and stuffing-bos) is re- 
solved into and Q, and then Q ■ CM, the moment of Q on the 
*iaft, is determined- Thia gives a diagram of crank-effort, correct 
BO for a§ friction affects it, whose aiea is no longer equal to that of 
tii« indicator diagram. The difference, however, does not repre- 
sent the whole work lost through friction in the mechanism, since 
the friction of the shaft itself, and of the valves and other parts 
of the engine which it drives, has still to be allowed for if the 
frictional efficiency of the engine as a whole is in question. 

202. Effect of the Inertia of the reciprocating piece*. 

Tie diagram of crank-effort is further modified when we take 
3«count of the inertia of the piiitou and connecting-rod, and the 
ttifluence of inertia is generally much more important than that 
*^t friction. For the purpose of investigating the effects of the 
Inertia of the reciprocating pieces, we may assume that the crank 
*e revolving at a sensibly uniform rate of n turns per second. Let 
-Hi be the mass of the piston, piston-rod, and cross-head in pounds, 
4jid a its acceleration at any instant in feet per second per second, 

the force required to accelerate it is , in pounds- weight, and 

this is to be deducted in estimating the effective value of P. The 
effect is to reduce P during the first part of the stroke and to 
increase it towards the end, thereby compensating to some extent 
for the variation which P undergoes in consequence of any early 
cut-off. If the connecting-rod is ao long that its obliquity may be 
neglected the piston has simple harmonic motion, and 
« = — iTT^Vcosa, 

when the crank has turned through any angle a from its dead point. 
Uore generally, whatever ratio the length I of the connecting-rod 
hears to that of the crank r, 



a = - 47r»nV ( CO 



(P-r-ain'a)! 



^T- 



tba angle BAC of fig. lU; then 



■^ 
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a is the centrifugal acceleration due to the sum of the curvatui-ea 
of the path of the crank-pin and of the arc AA' struck with I for 
mdius (fig. 150). Similarly the acceleration at 6 (fig. 149) is due 
Ui the difference of these curvatures. Hence at a the acceleration 

is - + T- where v ia the velocity of the crank-pin, and at & it is 

-— -I-. Substituting 27rnr for v in these expressions the accele- 

ntion of the piston is found to be 

4ir»nV (l + ~\ and 47r=?i'r (l - ~\ 

at a and b respectively. 

203. Klela'B coaBtructlon fbr finding the acceleration 
"T the Piston. This graphic method of finding the acceleration 
of^ the pbton at any point in the stroke is shown in fig. 151. 
Produce AP to JV and describe a circle with centre P and radius 
P-^. Bisect the connecting-rod in E, and with E as centre and 




*P as radius draw a circular arc cutting the first circle in F and 
O. Join FO and pi-oduce it when necessary to cut the line AC in 
^. Then the length HG, when multiplied by the square of the 
^jigular velocity of the crank, gives the acceleration of the piston. 
tj) other words, if the length CP represents the radial acceleration 
*if ihe crank-pin, HC represents the acceleration of the piston. 

To prove this, draw CM pei-pendicnlar to PN and HK parallel 
to LM. Find also / the instantaneous centre of the connecting- 



M 
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rod by producing CP through P to meet a tine drawE at A I 
perpendicular to AC The triangle AlP (not shown in tbel 

diagram) is similar ou jt j- l- auu ^rp = pja ■ 

write (u for the angular velocity of the crank and «' for the 
corresponding angular velocity of the connecting-rod. If » ii j 

the velocity of the crank-pin, « = y^ and a>' = yp. Honce \ 

6)' = CO . yp = "»> ■ -jp ■ The motion of the rod may be reganW 

as made up of (1> a translation with velocity v in the direction 
of the tangent to the crank-pin circle at P, and (2) an angolsr 
movement about P with angular velocity to. The acceleration (rf 
P along PC is ui'CP. Resolve this into components aloog the rod 
and perpendicular to it. The component along the rod is w'Pii 
and this is also the acceleration of ^ in the direction AP, so far 
as A receives acceleration in consequence of the rod's movemoA 
of translation. The acceleration of A due to rotation of the rod 
i>,PN' 



about P is fo'^AP = 



PF' ,,„ . LP PF 
-j^ = «'£i>, since ^^=_jp. 



AP 
This acceleration is in the direction AP. 

The total acceleration of A in the direction AF is therefore 
(o" (LP + PM^ = m'LM, the other component of acceleration beii^ 
perpendicular to AP. 

Hence a, the acceleration of 4 along AC, ia 

i^^'LM .^ = Ki'HG, 
which was to be proved. 

Further, the component acceleration of A in the directioa 
perpendicular to AP is a'CK. But this is made up of (1) a 
component of the general acceleration of the rod uKjP due to its 
translation, namely ut'CM, and (2) the acceleration due to rotation 

about P with angular velocity w', namely A P . ~t- . 
Hence ""' •"" ' " '''" 



Or 






■rff 



AP. 



- oyLH'. 



' Tbe authoiowcstliu eiUnsion to Mr B. Duakarlej. Another Mnitniatil>n, bj 
RitterBbaur, for grapbicallj detoTmituDg the Moderation of the pirton niU be touid 
ic Usvio'e Elementi of ilackint Dtiign, Vol. II. p. 7S. 
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^TJoIIecting the results we have :— 

The angular velocity of the connecting-rod varies as PN, being 

The angular acceleration of the coimecting-rod varies as LIT, 
Inoig equal to —j-p- ■ 

Hie acceleration of the piston varies as CB, being equal to 

WTff. 

204 Poaltion of the crank for which the piiton has 
no acceleration. By means of Klein's construction, or other- 
^e, the position of the crank may be found for which the 
'Ulceleratioa of the piston is zero and its velocity a maximum. 
This happens in the diagram (fig. 151) when H coincides with G. 
The corresponding crank-angle a is given by the cubic equation 
ia sin'o, 

sin' a — n' sin' o — n* sin' a + n* = 0, 

"here n is the ratio of the length of the conn ectii^- rod to that of 
'he crank'. The following table gives values of the angle for 
■nous values of n, and also values of the angle at which the 
ooKiaec ting- rod is tangent to the crank-pin circle. 




Ratio o( 

nnBClinit.rod 
lo crauk 


Angle [rom Ihs dead 
point at which the 
velocity of the piston 


Ani;1e at which the 
conneetina-rod U 


2 




67' 42' 


63- 26' 


3 




73- 11' 


71- 34' 






76° 43' 


75' B6' 






79° r 


78- 41' 






80° 48' 


80- 32' 






82° 2' 


81- 52' 






83° 59' 


82- 62' 






83° 44' 


S3- 40- 



On comparing the two it will be seen that the rough ap- 
tiroximation made by taking as the position of no acceleration the 

» Bm Papers in Uin. Proc. Iml. C. E. Vol, o«xi». el teg. by Prof. HiU, Prof, 

■ VDwin, and Mr O. A. Bnils. The above aubio equation in ain'a for determining 

■ 1h< potiUoD of maiimun Telooit; will be found In Prof. KliuchiD'i Uniplt 
I ftMlMtid (leeS). p. 49. 
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pUo; where the rod is tsugent to Uie drauk-pin circle introdaces 
DO seriooii error in ordinary cases. 

205. Inertia of the CoonectlnK-rod. The treatment of 
the inertia of the connecting-rod presents more difficulty than 
that of the piston. A rough approximation to the real effect is 
often arrived at by supposing part of the whole ma^ of the rod 
to be gathered at the cross-head, forming an addition to the mafs 
which has simply a reciprocating motion, and the remainder to be 
gathered at the crank-pin, forming an addition to the rotating' 
mass of the fly-wheel. 

To obttun an eiact solution the motion of the rod may be 
analysed as consisting of translation with the velocity of tie 
cross-head, combined with rotation about the cross-head aa centre. 
By means of thb analysis, the force required for the acceleniti'in 
of the rod is determined as the resultant of three componeots, 
namely, F,, the force required for the linear acceleration o (which 




is the same as that of the piston) ; F,, the force required to caose 
angular acceleration about the croas-head; and F,, the force 
towards the centre of rotation, which depends on the angniw 
velocity, and is equal and opposite to the so-called centrtfag»l 

forca Let 8 aa before be the angle BAG (fig. 152), so that - 

the angular velocity of the rod about A, and -j-j is its angular 

acceleration, and let M' be the mass of the rod. Then, nsinff 
gravitational units, 



and acts through the centre of gi-avity G, parallel to AC; 
3 df 
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and actA at right angles to the rod through the centre of per- 
cnssion ff; 

p ^ Af(AG) /d0\' 



^^ acts along the rod towards A. 

The values of a and of -j~ and -3-^ in relation to the crank 

*Og(e a have already been given, in the foot-note to § 202. 

Having calculated these forces we have to find their momenta 
^bent C and then to deduct the sum of their moments from the 
'Qniing moment on the crank as found without reference to the 
'liertia of the connecting-rod, before proceeding to draw (be 
crmnk-effort diagram. 

The weight of the rod as well as iie resistance to acceleration 

bould be taken account of. To do this the weight is to be 

t»"«ated as a single force acting vertically through and exerting 

a- moment abont C which is to he added to or subtracted from the 

'fcnnuDg moment according as it helps or opposes the rotation. 

206. Treatment of Inertia and Frlctloa together. 

^^hen in addition to the inertia of the rod, the friction at the 
<^»Mss-head and crank-pin is to be taken account of, the whole group 
**f forces acting on the rod may be considered as follows. Com- 
pound forces equal and opposite to F,, F,, and F, into a single 
'■OFce R (fig. 153), which may be called the resultant resistance to 



T'^'SeleratioD of the connecting-rod. If tb 
r^ considered, let it also be taken aa a cfl 

**eii the rod may in any position 
^**<ler the action of the forces Q, .j 
^**xe6 exerted on it by the croeft 
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These three forces meet in a point p in the line ut' action of S. 
which point is to be found by trial, the 
condition being that in the diagram of 
forces, fig. Ini, after the triangle POQ 
haa been drawn, and the force it set out. 
the force-line S shall be parallel to a line Fio. m. 

drawn from p tangent to the friction- 
circle of the crank-pin, as shown in fig. 153. When this condi- 
tion has been satisfied by trial, the value of S, which is the thrust 
on the crank-pin, is determined, and then S.CM is the momeot 
of crank-effort. This method is due to Fleeming Jenkin, who 
applied it with great generality to the determination of the 
frictional efficiency of niachinerj- in two important papers', th* 
second of which deals in detail with the dynamics of the steam- 
engine. Fig. 155, taken from that paper, shows the diagnun of 




Fio. 156, CrBUk-Effoil Diagram. 

crank-effort in a horizontal direct-acting engine, — the full line 
with friction, and the dotted line without friction, — the inertiB 
of the piston and connecting-rod being taken account of, as well 
as the weight of the latter. It exhibits well the influence whicb 
the inertia of the reciprocating parts exerts to equalize the crank- 1 
effort in the case of an early cut-oflT. The cut-off is supposed to j 
occur pretty sharply at about one-sixth of the stroke. The engine 
considered is of practical proportions, and makes four turns per { 
second ; and the initial steam pressure is 50 lb. per square inch, i 
It appears from the diagram that, with a slightly higher speed, ot i 



' Traiuactiofu o/lht Royal Society of EdtTibvTgh, Vol. i 
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with heavier rode, a better approach to uniformity in the crank- 
effort might be secured, especially &s regards the ittroke towards 
the craok, which comes first in the diagram ; on the other hand, 
by uodiily increasing the mass of the reciprocating pieces or their 
apeed the inequality due to expansion would be over-corrected 
Uid a new inequality would come in. 

In drawing crank-etfort diagrams it is seldom necessary in 
practice to take account of the friction of the guide and of the 
pina, but the inertia of the piston, piston-rod and connecting- rod 
is of the utmost importance, eapecinliy in high-speed engines. 
The graphic method which is exhibited in figs. IJ3 and 154 
of finding r^, the thrust on the crank -pin, after R, the resistance to 
Mceleration of the connecting-rod, has been determined, may of 
course be as readily applied when friction is neglected as when it 
^ taken into account. 

207. Fomu of Orank'ElIbrt Diagrama. When two or 
more cranks act on the same shaft the joint diagram, lowing the 
Insulting turning moment, is found by combining the separate 
diagrams of crank-effort for the several cranks. An example ia 
shown in fig. 156, where the dotted line-s are the separate diagrams 




Fio. ise. CraDk-EBort Diagram for Tvo CrankB. 

for two cranks set at right angles to each other and the full line 
is the combined diagram. It is obvious that the inequalities of 
crank-effort are vastly reduced by using two cranks instead of 
one, and with three cranks the effort becomes still more uniform, 
Ao illustration of this is given in fig. 157, which also exemplifies 
the circular form in which the diagram of crank-effort is sometimes 
drawn. In this construction lines proportional to the moment are 
set off radially from a circular line which represents the zero of 
moment. The figure is one drawn by Kirk for a triple-expan- 
sion marine engine with three cranks at 120° from each other. 
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The ciirve3 show the resulting craak-efFort, as determined from 
kctual indicator diagrams and os affected by the inertia of thi; 
reciprocating parts. They are drawn for various oumbers of 
revolutions per minute, which are indicated by the distinguishing 




Fto. 157. Circalu Diigrsm of Cnak-Ellort for ft Three-Cjlindei Engine. 



numbers, the line marked referring to an indefiniteiy Ao* 
motion. 

As an opposite extreme to the nearly uniform crank-effurt that 
is obtained by the use of three cranks the caae may be named of an 
explosive gas- or oil-engine using the " Otto " cycle in which undei" 
the most favourable conditions the whole effective action on the 
crank takes place only in one single stroke out of two revolatioDS 
(or four strokes), two of the other three strokes being idle, and 
the third being that id which the explosive mixture is compressed 
before ignition (see Chapter XIV.). The student will find it »" 
interesting exercise to draw a crank -effort diagram for such a case, 
extending the diagram over two revolutions to get a compleM 
cyclic period, and then to apply the method described be!o« ^' 
determining the size of fly-wheel which is necessary to preveo' 
the speed from fluctuating beyond assigned limits. In the case <« 
a gas-engine, however, it is not practically necessary to t 
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sccount tbe inertia of the reciprocating parts in order to find the 
amount of energy that has to be altpmately absorbed and given 
oot by the fly-wheel. That ia readily determined, from the 
Uidicator diagram, by comparing the work done on the piston 
during the single effective stroke with the mean amount of work 
done during the four strokes which make up the cycle. An ex- 
fifliple will be found in Chapter XIV. 

208. Fluctuation of 8p«ed In relation to the Energy of 
the riy'WheeL The extent to which the fly-wheel has to act 
^ a reservoir of energy is found by comparing the diagram of 
effort exerted on the crank-shaft by the piston or pistons with a 
similar diagram drawn to show the effort enerted by the crank- 
shaft throughout the revolution, in overcomins the resistance of 
the mechanism which it drives as well aa the resistance due 
*o its own friction. Like the driving effort, this resistance 
"lay be expressed as a torque or moment, or (dividing the 
■notnent by the radius of the cnink) we may state the equivalent 
resistance referred to the crank-pin as a force acting alwaya 
tangent to the crank-pin's path. In general, except in such cases 
** are offered by direct-acting pumping and blowing engines, 
^f by engines which are compressing air or other gases, the 
''^siatance may be taken as having a constant moment on the 
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***^ft, and the diagram of effort exerted by the ci-ank-shaft is 

^*^^n a straight line, as EFGHIJKL in fig. 158. At F, 0, S. 

' J, and K the rate at which work is being done on and by 

^*^ shaft is the same; hence at these points the fly-wheel is 

I'^ither gaining nor losing speed. The shaded area above FO 

^ an excess of work done on the crank, and raises the speed 

J^ the fly-wheel from a minimum at /" to a maximum at 6. 

*"om G to H the fly-wheel supplies the defect of energy shown 

>" the shaded area below OH, which represents the amount by 

^tiich the demand for work exceeds the supply; the speed of the 
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i«l|HMfi igkiB TOAches a minimuio at H, and again a muimutn 
«A X. Tht excesses and defects balance in each revolution 
tA* o^ine is m«lttng a constant nunaber of turns per Becond. 
h vbt follows it ia assumed that they are only a small 
ftaction of the whole energy stored up by the fly-wheel in virtue 
of its KTolution, and consequently that the variations id speed 
are small io comparison with the mean speed. In practice 
the dimension and speed of the fly-wheel are chosen so that tbia 
is the case ; indeed the chief object of the investigation is to find 
what amount of energy must be given to the wheel in order that 
the variations in speed may not exceed a prescribed range. 

Let ^E be the greatest single amount of energy that tlie fly- 
wheel has to give out or absorb, which is determined by measuring 
the shaded areas of the diagram and selecting the greatest of these 
areas ; and let &>, and oi, be the maximum and minimum v^nes 
of the wheel's angular velocity, which occur at the extremes of 
the period during which it is storing or supplying the energy A£. 
The mean angular velocity of the wheel tu, will be sensibly equJ 
to i («i + <ui) if the range through which the speed varies i» 
moderata I^et E^ be the energy of the fly-wheel at this mean 
speed Then 

E, = J/w/. 
where / is the moment of inertia of the fly-wheel. Also 

l^ - "■"•'' "•'' - /».(». - »..) - 2g. ^^^. 

The quantity , which we may write q, is the ratio of the 

extreme range of speed to the mean speed, and measures the 
degree of unsteadiness which the fly-wheel leaves uncorrected. If 
the problem be to design a fly-wheel which will keep q down W 
an assigned limit, the energy of the wheel must be such that 

2, 

The periodic fluctuations of speed which are due to the limited 
capacity the fly-wheel has for storing energy may be examined 
experimentally by means of the familiar chronographic device rf 
oauHiiig a vibrator, such as a tuning-fork electrically maintaineil 
in vibration, to scribe its oscillations on a surface which moves with 
tilt) fly-wheel shaft. A sheet of smoked paper clasping the shaft 
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: forms a coDvenietit surface, ou which the fork draws an 
nlattQg line by means of a bristle or light pointed spring 
1 to one of its prongs. The fork should be mounted 
t oarrier such as the slide-rest of a lathe so that it may 
jiept moving slowly in a direction pai-allel to the axis of the 
\in order that the records of successive revolutions may be 

i on fresh portions of the smoked surroce'. 

Reverial of thrust at the jolats. Prevention of 

hnal of the thrust In single-acting engines. Let the 

ram of resultant steam thrust upon the piston be represented 

line SS as in fig. 159 for the two successive strokes 

I revolution, the line being drawn in such a way as to show 

fthe Bteam is pushing the piston towards the crank when it 

^e base, and is pulling the piston away from the crank 




1 it lies below the base. Let the line RR represent in the 
I way the forces that are used up in producing the accelera- 
of the reciprocating pieces. Then the points at which the 
a curve SS crosses the inertia curve RR mark the places 
hich the direction of thrust at the bearings becomes reversed. 
1 drawing RR the moss of the piston, piston-rod and cross- 
'; only is taken account of the intersection of the two curves 
ihow at what places the thrust changes its sign at the cross- 
; pin. But if the mass of the comiecting-rod also has been 
d in calculating the forces represented by this curve, the 
bs where SS crosses RR will relate to the reversal of thrust 
lie bearing surfaces of the crank-pin. Two inertia lines may 

for ex^mpleB of tbe aee of this method ot finding j Bee Mi H. B. Boaw 
f ilin. Ptoc. Irul. C. E. Vol. xcviii., ot the Society of Aru Rtporl on Trl 
l/w Electric Lighting (1989J, 
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he dmwik, one rererring to the masses between the steam sndftfl 
^iiiim ^iiiiil pin, the other to the whole reciprocatiDg mass, op to 
Atcnak-pia. Since the bearings are necetiuarily somewhat loose 
M •dmit of lubrication and free turning of the piiis in their 
)nnns, a sudden reversal of the thrust from pull to pusb at either 
Jm% will give rise to a knock. To prevent an engine from 
kaodung badly the clearance at the bearings is of cour^ to be 
kppt as imiall as possible, and the form of the thrust diagnia 
\6g. 159) has to be eiuch that when the steam and inertia cams 
CTUStj each other the change from positive to negative in the 
tiblances intercepted between them shall be gradual. 

In some forms of hi;^h-speed single-acting engines this change 
is entirely avoided, and in that case the bearings may be left slack. 
la the Willans engine fur example the back is the active end and 
the piston and connecting-rod are kept in compression throughout 
the revolution. During the stroke towards the crank this is their 
Dfttiiral state, except when the speed is so great as to make the 
[ point a of fig. 14!) n»t! above the steam thrust line. But during 
' the out-stroke there is nothing happening in the cylinder, except 
a little compression towards the end of the stroke, to provide the 
force that is required to reduce the velocity of the reciprocatmg 
pieces after the point of maximum velocity (near mid-stroke) has 
boen passed. Hence unless special provision for this force were 
made the coimectingrod would be pulling instead of pushing the 
crank-pin during the later portion of the out-stroke. In the 
Willans engine the special provision consists in an air-cylinder, 
(he piston of which is arranged tandem with the steam piston (oi 
steam pistons, in the case of a tandem compound engine of this 
single-acting class). The air in this cylinder begins to be com- 
pressed early in the out-sti-oke and becomes more and more 
compressed to the end, the energy which is expended in com- 
pressing it being given out again during the in-stroke or effective 
stroke of the engine. The force exerted by the compressed lur 
(along with that exerted by the steam during the up-stroke) is 
arranged to be always in excess of the force that is required for 
(he (negative) acceleration of the pistons and rods, and hence the 
(hrust both at the crosshead and at the crank-pin is continuously 
I It push, never a pulP. 

t 8«e DiHnulon on Ui^.Sp«ed Uoton, Min. Proe. ittil. C. E. Vol. uxini., 
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An example will help to make this clear. Let dd, 6g. 160, 
be the indicator diagram of a single-acting vertical engine I 




which steam !e admitted on the top of the piston only. It is 
re(|Dired to find what amount of air-compreasion on the part of 
an air-buffer piston will serve to keep the thrust on the crank-pin 
from changing its sign at any point in the revolution. The line 
aa is the atmospheric datum line, representing the constant 
pressure which acta below the piaton of the steam cylinder. The 
line M represents the forces due to the inertia of the whole 
reciprocating mass which is carried by the crank-pin — namely, the 
piston and piston-rod of the steam cylinder and of the air-buffer 
and also the connecting-rod. The forces due to inertia are 
represented per square inch of piston area, to the same scale an 
the steam pressures. Let the diagram ee be drawn to compound 
the forces due to inertia with those due to steam pressure. In 
other words, let its ordinates above or below the datura line aa be 
tbe excess of the ordinates of dd above those of it. So long as the 
figure ee lies above the datum line aa, the steam pressure pushing 
the piston down exceeds the force necessary for acceleration, and 
ooDsequently there is push, not pull, at the crank-pin. But when 
the figure ee comes below the line aa the force required for 
acceleration exceeds the force exerted by the steam. Wc- mus* 
however take account of the weight of the reciprocating j 
which assists the stesm pressure, This is readily done b; | 



WEE VOBK or 1BC CXiXK-SHATr. 

! dsn to M: Ife^ 
w^i^t, mpwud ■» bs. per «qaMe indi c 
(■«■ «UiA » kA to I» hkMBd 17 the 
the v-farfcr «• repcKBtod I7 tin fnjetoao of m 
ABfaacli OHqatai^ fine far tke av^faader aa o^ toocfamfV 
IjMK wfcoly Mov tW jpiijottwi, prt af «^ will tberefiwe serre to 
f mnl the fane at tke UMfc |w» hmm vnx fhanging from a 
iateapal. !■ jnelaoe; n tfce WiBna engine, there ve gcsenDr 
t»«w flr tfaee, abeaB jartnaai anaaged Undent on each pistoa-n& 
and the atam iliag,i am to be naed n the fccegoing oonrtndui 
«anU be « iSagiaa npeanCBg the asm of the pressures to lb 
tno. !■ lliiii. laitian 

A^ain, ia Me^n Masho' nd Platkl* fcnn of bJgfa-speed m^ 
acting totica] en^ne ileam is Ml—i**ai< to the onder side of edi 
piatMi and the rada are kept in teasioo instead of compreffiioi- 
In this case the UMu e t-ti^ -rod i^oald always pall agsiost ^ 
r paah. This is effected hj adding a haiaaa- 
D at the top of tike cylindcir which is conUoumisly expowd I" 
the fon pramoe of the stewD on its lower side. The caw '» 
. 161. There dd is tfae iodicator diagram uk> 




' the inertia line as before. The datum line aa is not t^ 
wpheric line a'a' but a line showing the pressure in the sp*^ 
) the piston, which space ie connocled with the conden^^ 
igh the exhaust pipe. As before, the indicator diagram ^ 
njpouoded with the inertia line to give the figure ee: tt* 
m line is shifted, in this case, «p to it, to allow for the weig^^ 
ae reciprocatiog parts, which now binders instead of helpti^ 
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f- keep the rod in tension. Then the projection of ee 
tows what has to be provided for on the part of the 
Balance piston, and the pressure which the steam eicerta on 
it be at least equal to the height be in order to prevent a 
il of force at the crank-pin. 

Q. Balancing. As important matter in the kinetics of 
:am-cngine is the balance of its working parts. A machine 
1 to be perfectly balanced when the relative movements of 
rts have no tendency to make it vibrate as a whole. In 
words, perfect balance implies that the reactions of those 

that are required for the acceleration of the parts should 
Jiae each other in every phase of the motion, so that no 
mt reaction is ever felt by the bed-plate of the machine. A 
tly balanced machine would be self-contained as regards 
.resses between the parts and would run steadily without 
itioDS. Actual machines rarely do more than approximate 
a condition. 

steam-engines and other machines using a piston, connccting- 
id crank, an approximate balance can be attained, so far as 

parallel to the direction of the stroke are concerned, by 
;ting to the crank-shaft two or more masses which revolve 
it and are arranged so that the radial forces required to 
rate them are together equal and opposite to the force 
ed to accelerate the piston, piston-rod, connecting-rod and 
■pin when the piston is at its dead-point, A single revolving 
is insufficient to effect this balancing, for it cannot be placed 
ppoaite the crank-pin, and if placed alongside it still leaves 
ibalanced couple the moment of which tends to rock the 
late about an axis perpendicular to the stroke and to the 
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l;us oi th« shalL By using a pair of maiwes this is avoided. 
In the figure {Eg. 162) AB is the axis of the shaft and CO is tlie 
■finctiuD of the stroke. The reciprocating pieces arc treated as Ji 
•ingle nan M concentrated at the crank-pin, the effective length 
ef the cnuk to the centre of the pin being r. Let balancing 
maimr^ M, and M^ be set opposite the crank with their centres of 
gisTity at distances r, and r, respectiretj &om the axis of the shaft. 
HieD to aroid having any resultant centrifugal force parsUel to 
CO the condition must hold that 

jV.coV, + if^'r, = i/(oV, 
whence if,r, + M^, = Mr. 

And, similarly, to avoid any centrifugal couple tending to twist the 
machine about an axis perpendicular to the plane of the figure, 

Jl/,r,CM[ = i/.r,05. 
In an engine with a single crank the balance mctsaes Jlfi and X, 
are generally made equal and placed symmetrically on the twg 
aides of the crank. 

A balance arrived at in this way is not perfect, even as regards 
forces parallel to the direction of the stroke. The aesumptioD 
that the whole reciprocating mass M might be treated as if it 
were collected at the crank-pin is more and more wide of ths 
truth the shorter the connecting-rod is. With a short rod there 
is, as we have seen above, an important difference at the two 
dead-points in the values of the force necessary for accelerating 
the reciprocating parts. Hence at one dead-pnint (namely when 
the piston is nearest to the crank) the forces due to the balance- 
weights are in excess, and at the other dead-point they are in 
defect, of the force that has to be balanced. The treatment of 
the whole reciprocating mass as if it were collected at Jf is 
equivalent to ignoring the shortness of the connecting-rod. 

With this reservation a balance may be secured in respect 
of forces acting in the plane of the sketch (fig. 162), namely the 
plane containing the line of stroke and the axis of the shaft, and 
all that has been said above relates to forces in that plane only. 
As regards forces at right angles to that plane the pitttoa and 
]jiston-rod require no balancing for they suffer no acceleration at 
right angles to the plane in question, and only a part of the 
i«nnecting-rod can be taken as approximately sharing the crank- 
itlii's motion in this respect. Hence the balancing masses wl 
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been calculated for the forces in tlie plane COA will be 
ogether excessive in lespect of forces in the direction normal 
that and will give rise to vibrations in other directions. The 
aditions that are necessary to secure a balance in the two 
mes axe incompatible, and the best results will in general be 
dved at by a compromise. 

In machines that can be anchored down to a massive fuunda- 
in a state of defective balance only results in Btmining the parts 
id causing needless wear and friction at the crank-shaft bearings 
d elsewhere, and in communicating some tremor to the ground, 
le problem of balancing is of much more consequence in loco- 
engines, where any bad want of balance produces oscU- 

ions that might be dangerous. Even ia stationary engines, 
Wever, the question of balance is sometimes particularly im- 
ittamt, as for instance in high-speed engines for the electric 
;hting of towns, which are often placed at stations where any 
bration of the ground, communicated to neighbouring buildings, 

lid be a serious nuisance. 

In locomotives the existence of two cranks adds a slight 

iplication to the problem of determining 
oper balance- weights to avoid horizontal oscil- 
aona; and this uf course applies generally 

engines with more than one crank. Let M, 
' be the masses of the reciprocating parts 
ferred to the crank-pins. Suppose that the 

ancing masses are to be carried (as is usual) 

the driving wheels A and B. To balance 

alone would require two masses, namely Jtf, 

A and M^ on B, phvced opposite to M and 

U^ng the conditions that 

id M,T,Ai' = M.,nbP. 

iiarly to balance M' alone would require 

masses, M,' on A and JIf,' on B, placed 
Iposite to M' and satisfying two correspond- 

conditiona. 

For the two balancing masses on each 
beel there may then be substituted a single 
on each wheel occupying a position 
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betwe^i the two, but nearer to if, on wheel A and nearer to i[, 
on wheel B. 

To find the amount and position of a single mass 31, which, at 
any radius r„ may be substituted for the maasea J#i and M,' in tlu 
same plane, we have to make the force J/^V, form the reeultaiit 
of the two forces J/,u^i and Jf,'«>*r,. Let be the angle wadt 
by the radius at which M^ is to be placed with the i-adius AM,. 

Then J/g' r,' = J/,' r,' + if,' r,\ 

and tan$ = -^. 

In general rn may be made equal to r,, and in that case 



Taking the case of an engine which is F^mmetrical about t 
longitudinal centre line midway between the cranks, write iO fct 
the distance ^B and 2d fur the distance PQ, and let r, = r,=r|. 
Then M^ = M,' and J/, = M,', and the conditions become, 

Jl/, + i/, = JI/.-, 

M,(D-d) = Sr,(D+d). 
&om which 

,, „ r D + d 



The single ma'^s M, which is to be placed at the radius r« as t 
substitute for M, and Af., on each wheel will then be 






and its position is de6ned by making <^ such that 
D-d 
D + d- 



tan 4> = 



211, Balance of the loagltudlnal forces In Htgh-ipetA 
En^net. By the longitudinal forces those fireee are to be 
understood which are clue to the reciprocating masses and W* 
parallel to the piston -stioke. Thus in a high-speed vertic** 
engine the forces in question iiro those which act vertically. If **■ 
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re not fop the obliquity of the connecting-rod these forces, for 
;h piston, would have the same magnitude at the top of the 
Tike as at the bottom, and hence if there were two cranks 180" 
«rt, with equally heavy pistons on both, the frame of the engine 
Duld at every instant be suffering equal upward and downward 
9. With a single pair of cranks these equal and opposite 
hmsts would form a couple, causing the engine to rock about 

transverse axis, but there would be no rising or falling of the 
(Dgine as a whole. This however would only be true if the 
onnecting-rods were indefinitely long. In a real engine with two 
ippoaed cranks the shortness of the rods disturbs this equality 
letween the upward and downward thrusts, and gives rise to 

thumping of the engine on its base. This is illustrated by 
(he upper diagram in fig. 164, which shows by the line AA the 
jrces due to the inertia of one piston and by the line BB the 
ibices due to the inertia of another piston side by aide with the 




and worked off a crank 180° from its crank, each connecting- 
od being four times the length of the crank. The forces are shown 
n relation to the angle turned through by the crank, the base 
i the diagram corresponding to half a revolution. The line CO 
rbich is drawn by compounding the two shows how an up-and-down 
hrust results, with a period twice that of the revolution of the 
Dgine. The diagram shows how this thrust is produced o» 
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consequence of the shortness of the connecting-rods causing 
unequal forces at the two ends of the stroke. 

On the other hand, it is interesting to notice that with thrae 
cranks, set at 120^ from each other, the resultant up-and-down 
thrust almost vanishea This is well shown by the lower diagram 
in fig. 164. The three cranks are assumed to cany equal recipro- 
cating masses. This arrangement practically does away with any 
hammering of the engine as a whole upon its bed, bnt leaves a 
certain amount of rocking about a transverse horiiontal axia^ 
in consequence of the three forces not being in the same plana 
But this rocking may be got rid of by using six cranks on the 
same shaft, in two symmetrical sets of three each, grouped so that 
the rocking couple produced by one set balances that produced by 
the other. With this arrangement a practically perfect balance is 
obtained^ 

^ See a paper by Bfr M. Bobinson on Single-Aotiiig High-Speed Wwggwf^ /mt. 
Ifut, Elect, Engineert, Vol. xxit. p. 484 (1895). For the cnrrei of fig. 164 tt» 
author is indebted to Mr Dunkerlcy. 




Heating Surface, lo Boiler and Feed-water Heater. 

B tr&Dsfer of energy from fuel to steam two stages may be 
[fished. First, the potential energy of combustion is trana- 
i into actual heat, which shows itself in the raised tempera- 
)f the furnace gases; and, second, the heat of the furnace 
passes by conduction through the heating surface into the 
of the boiler. The furnace gases serve aa a vehicle for the 
yance of heat from the furnace or fire-box where it is 
at«d to the various parts of the heating surface, some of 
. may be a long way from the actual seat of combustion. 
heating surface is made up of the surface of the furnace 
nbuation -chamber, so far as that is brought into contact with 
ater, and of the flues or tubes through which the hot gases 
on their way to the chimney. The effectiveness of any 
in of the heating surface depends mainly on the difference in 
:rature between the gases on one side and the water on the 
, and on the freedom with which steam, when formed, can 
e from the surface. Differences in specific conductivity and 
ickness of metal affect the result less than might be expected, 
f on account of the resistance which is offered to the passage 
Hit through the scale which forma on the metallic surface, 
aainly because, on the one side, the steam that is generated 
e surface itself opposes the conduction of heat and must give 
to unevaporated water before much more heat can be taken 
id, on the other side, the gas which has parted with ita lif( 
.e metal must escape and be replaced by hot gas in «::•' 
tbs tr&nsfer of heat may continue. It is the < 



THE PRODDCnON OF BTE AM. ^BOILERS. 



1 



«f ike —brtiaces on either side, more than t)ia conductivity 
I^Mr itwdi; that detennineii the rate at wbicb heat will 
An^^ a boiler shell. 

As the gases traverse the flues or tubes their temperatun 
Mkt until they finally escape at a temperature which is necessaiily 
smcwhat higher than that of the water to which tbey have 
Wea yielding up their heat. This temperature, however, is not 
•eoHssiuily higher than or even as high as the temperature of the 
wlwtn, for after ceasing to be in contact with the boiler proper 
the gases may continue to give up heat to a /eed-water h^itet, 
which is a set of pipes through which the comparatively cold 
fced-water passes on its way to the boiler. The feed-water heat« 
virtually forms an extension of the heating surface, with the 
lujvantage that it is more effective for the transfer of heat than an 
K)uivaleut extension of the boiler surface proper would be, ra 
account of the lower temperature of the contents; and it allows 
the initial temperature of the feed-water, instead of the tem- 
perature of the steam, to form the lower limit to which the 
temperature of the gases might conceivably be allowed to &fl. 
Conduction however would become so slow if the temperature of 
tht> gases approached this limit that in practice they are always 
vousiderably hotter. Even after passing a feed-water heater, the 
)faM.-(i rarely have a temperature leaa than 400° Fah, When the 
ubmught through the fire is maintained by means of a chimney 
there is this independent reason for allowing the gases to esc^ 
Mkt a relatively high temperature that the draught depends on (he 
coutents of the chimney being lighter than the air outside, and 
(bos lightness is secured by their being considerably hotter thaa 

r atmospheric air. 
213. Draught. The lumace gases are made up of the 
pcvducta of combustion along with a quantity of air of dilution 
which passes through the furnace without undergoing chemical 
k'huiige. For the complete combustion of each pound of coal 
«bout 12 pounds of air are required to furnish the necessary 
vA^vgen, and usually about 12 pounds more have to enter as air of 
^^H|}ilivn. The greater part of this air enters through the grate, 
^^WWiven the fire-bars on which the burning fuel rests, but some 
^^E) Itatt to be admitted above the tire to complete the burning 
^^^ft Uw combustible gases. This is specially necessary when fresh 
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&1 is thrown on the fire and volatile hydrocarbons are being 
ven off. The furnace door has apertures to allow a Bmall part 
the air to pass through it, and the^e are often made adjustable 
I area. 

A natural or chimney draught is one which is produced 
'bolly by the lightness of the contents of the chimney. A forced 
draught is one in which other means are taken to produce a 
difference between the pressure of the air inside and outside of 
the furnace. A fan, for instance, may be used to force the draught, 
Other by extracting air from the flues or by blowing air into 
cloBed room from which the furnace takes its supply. Or a jet 
«f steam may be made to blow in the chimney, producing a partial 
fuaum there on the principle of the jet pump. 

With a forced draught it is easy to produce much more 
difference in pressure above and below the grate than can readily 
be produced by means of a chimney, and consequently to compel 
the entrance of a lai^er quantity of air through the ftiel, with 
the result that a much larger quantity of coal can be burned per 
square foot of grate. A furnace using chimney draught does not 
•a a rule bum more than 20 lbs. of coal per hour per square 
£}ot of grate, but with forced draught the combustion may go on 
at four or five times this rate and still be fairly perfect. 

Farther, when the draught is forced the combustion is intensi- 
fied and localised, and it is found that a smaller proportion of air 
will suffice for dilution. Instead of the 24 lbs. or so of air which 
chimney draught requires per lb. of coal, 18 lbs. or less will serva 
Hence with a forced draught the temperature of the furnace gsLses 
higher, and consequently the effectiveness of the heating 
surface is increased. Again, since the proportion of air passing 
through the furnace is reduced by forcing the draught, the 
proportion of heat lost in the hot gases is also reduced, provided 
the heating surface be extended sufficiently to make them leave 
the flues at no higher temperature than before. 

But the theoretical advantage of forced draught in respect 
of efficiency does not stop here. When the draught does not 
depend on the action of a chimney there is no need to let the 
escaping gases have any higher temperature than is imposed by 
the condition, already indicated, that they must be reasonably 
hotter than the temperature of the feed. With a chimney, on the 
other hand, as much heat is necessarily wasted as will keep the 
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temperature of the escaping gaaes up to the compamttveljr bjgli 
value neceaaaiy to maintain the draught. A chimney being u 
exceedingly inefficient form of heat-engine, the heat which ii 
expended in maintaining its draught is vastly greater than tlu 
equivalent of the work that a fan would do in producing the sune 
draught, or even than the heat that would have to be supplied to 
an engine employed in driving the fan. 

In practical instances in which the draught is forced, namelf, 
in locomotives and in some marine and a few land engines, tbt 
theoretical advantages of forced draught, in respect of efficiesc^r, 
are imperfectly realised. The draught has generally been fbreed 
with the object of increasing the power of a given boiler nthu 
than of securing a high efficiency. The motive has been to bom 
more coal per square foot of grate surface, and to get a higW 
temperature in the furnace gases, so that more water may be 
evaporated in a boiler of given weight. This b incompatible with 
high efficiency, for to secure efficiency the heating snrface must bi 
largely increased in order that it may deal with the augmented 
total quantity and higher temperature of the furnace gases. It is 
clear however that the most efficient boiler would be one using* 
strong mechanically forced draught, with a relatively small area of 
grate and a relatively very large heating surface, extended by the 
use of a feed-water heater, so that not only the gases should 
be cooled as far as possible before escaping, but that the proporUoo 
of air to coal should be as small as is consistent with ihorougb 
combustion. 

214. Sources of lois of Heat. Ordinarily about seven- 
tenths and rarely more than eight-tenths of the potential energy ol 
the fuel are conveyed to the steam. The remaining two or three- 
tenths are accounted for as follows: — (1) waste of fiiel in the 
solid state by dropping through the grate ; (2) waste of fuel in the 
gaseous and smoky state by imperfect combustion ; (3) waste of 
heat by external radiation and conduction ; and (4) waste of heat 
in the escaping gases due mainly to their high temperature, bat 
partly also to their containing as one of the products of combustieB 
a certain amount of steam-gas which passes off uncondenaed. Of 
these sources of waste the firat is generally trifl 
is the most important. If we assume the i m to 09 

121ba. the whole quantitv of gas escaping mney u 



m 



THE PKODUCnON OP STEAM. — BOILERS. 

lbs. per lb. of coal burnt. The specific heat of this gaa ia 
■iy that of air, say 024 thermal units (§ 36). Hence about 
thermal units are lost, per lb, of fuel burnt, for every degree by 
lich the temperature of the escaping gaa is allowed to exceed 
e lowest attainable limit. A chimney temperature of €00° Fah. 
not unusual, and if we take 100* Fah. as a limit determined by 
le temperature of the feed-water, this represents a more or less 
lerentable waste of 3000 thermal units, or in round numbers 
le-fifth of the whole energy of the coal. 

215. Chlmner Dranght. In a chimney draught the " head" 
isoiilly stated in inches of water pressure) under which the 
iirmt of air is kept up is equal to the amount by which the 
aght of a column of air in the chimney falls short of the weight 
' a corresponding column of outside air. Except for their excess 
'temperature the contents of the chimney would be heavier than 
le air outside nearly in the ratio of n -t- 1 tu n, where n is the 
Umber of pounds of air which have taken up I lb. of fuel in passing 
irough the furnace. The actual density of the gases is less than 

At of the air outside in the proportion — I I to 1, where 

and T, are the absolute temperatures inside and outside re- 
Kctively. The difference in actual density multiplied by the 
ight of the chimney gives the effective head. This head is used 
p partly in setting the column of air in motion and partly in over- 
Dming the resistance to its passage which is offered by the flue, 
Ihe chimney itself, and by the grate. With a forced draught 
I a short chimney the resistance of the grate is the most im- 
of these items ; with a tall chimney on the other hand the 
dstance of the chimney itself comes to be so considerable that 
increase of height produces almost no increase of draught, and 
ly even diminish the draught if the sectional area is at all 
daced in the added part. Under such conditions also there Is a 
lit in the extent to which the draught will be assisted by 
Iting the chimney temperature remain high. In raising the 
iperature of the chimney gases a stage is reached at which the 
s in bead and consequently in velocity of current is more than 
Dterbalanced by the diminution of density, and if the gases are 
bfeer than this the amount f>f saa passing through the chimney 
given time is actua' , In cases where the resistance 
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is practically all met with after the gaeca have become he&ted- 
in other words, wheo the resistaace of the grate is a very small 
part of the whole, the maximum dranght is produced when the 
coDtentB of the chimney have a density equaJ to half that of the air 
outside'. Assuming 24 lbs. of air to be admitted per lb. of fiiel 
this condition is reached wheit the temperature in the chimney is 
about 600° Fah. or about the melting point of lead. When the 
resistance of the grate is a substantial part of the whole a rntha 
higher temperature will make the draught a maximum. No 
advantage whatever is gained by making the temperature higbff 
than corresponds to maximum draught, and on the score of thenoal 
efficiency a lower temperature is to be preferred, as diminishing 
the heat lost in the escaping gases. 

216. BoUen for Stationary BnglneB. Comlah and 
Xtancathlrtt Trpei. Most modern boilers are internally fired, 
that is to say, the furnaces are more or less completely enclosed 
within the boiler. Externally fired boilers (except when they an 
of the water-tube type to be subsequently described) are in genenl 
distinctly less efficient than internally fired boilers; they are, how- 
ever, used to some extent at coal-pits and other places where fiiel 
is specially cheap or where the waste heat of other fvunacea is u 
be utilized. Their usual form is that of a horizontal cylinda 
with convex ends; the strength both of the main shell and tbe 
ends is derived from their curvature, and no staying is ret^uired 
Generally the heating surface is entirely external and is of tbj 
limited extent. 

In large stationary boilers the forms known as the " Comiah" 
and "Lancashire" are the most common. The shell of the* 
boilers is a long horizontal cylinder with flat ends, and within thi* 
stretching from end to end within the water space, is a aB0t 
large tube in the Cornish form and two parallel tubes ia the H 
Lancashire form, each tube containing a furnace at one end and 
communicating at the other end with external flues which an 
arranged to make nearly all the external surface of the shell belo» 
the water line act as part of the heating surface. The remaiukr 
of the heating surface is given by the large tube or tubes which 
contain the furnace, with the addition generally of several shot 
:ontaining water, which traverse the main liimace tab* 
> Sue Rankiiie'B SUam-Et^iiu, p. SSS. 
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at right angles to its length and not only serve the purpose of 
enlarging the heating surface, but promote circulation in the water, 
and strengthen the main tube. Fig. 165 shows a Cornish boiler 
in longitudinal section, and Fig. 166 is a cross section which shows 
the arrangement of the external flues. The furnace extends from 
the front up to the bridge of fire-brick C. In continuing their 
passage beyond this through the main tube or 6ue the hot gases 
come in contact with the cross-tubes, or Galloway tubes, DD, 
which have a somewhat conical form so that they may allow the 
Eteam formed in them to rise readily. At the end of the internal 
flue the gases are diverted downwards into the external flue B, 
w)d having traversed it towards the front of the boiler they are 
made to rise into the two side flues AA, by which they again 
pass to the back end and thence to the chimney. The form of 
the Lancashire boiler is essentially the same, except that there 
are two furnace tubes placed side by aide, the diameter of the 
shell being larger. Fig. 167 is the cross-section of a lAucashire 
boiler. In a modified form of this boiler, introduced by Mr Gal- 
loway, the two furnace tubes unite beyond the bridge into one 
with a flat section, which is prevented from collapsing by having 
a number of Galloway tubes in it to act as staya 

The shell of a Lancashire boiler is commonly about 28 feet 
long, with a diameter of 7 feet, which allows each of the two 
furnace tubes to be 2 feet 9 inches wide. A boiler of this size, 
burning 20 lbs. or so of coal per hour per square foot of grate, will 
evaporate about 6000 lbs. of water per hour, or enough to yield, 
with an efficient condensing engine, from 300 to 400 indicated 
horse-power'. 

In boilers of this type the curvature of the cylindrical shell 
and furnace tubes enables them to resist the pressure of the 
steam : only the flat ends require to be stayed. This is done by 
means of gusset-stays EE (fig. 165), which tie the end plate to 
the circumference of the shell, and often also by means of longi- 
tudinal stay-bolts stretching from end to end within the water 
epace. The furnace flues are made up of a series of short welded 
lengths united by joints which give the whole tube stiffness to 
resist collapse, but leave it some freedom to bend when the top 
expands more than tbe bottom through the unequal action ot the 
e a paper hy Mr L. E. FletcLer, 
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fire. To provide for unequal expansion is one of the most im- 
portant points in the design of a boiler; when it is neglected a 
racking action occurs which induces leakage at the joints md 
tends to tear the plates. For this reason the furnace Bues m 
attached only to the end plates and not to the cylindrical pait of 
the shell, and the stays of the end plates are arranged to leave 
these plates some freedom to bulge out and in when the fiues 
lengthen and conti'act. 

217. Boiler UoantlngB. The steam dome, which used to 
be an ordinary feature in boilers of this type, is now generally 
omitted, and steam is taken direct from the steam space within 
the shell through a perforated " antipriming " pipe, from which it 
passes through a nozzle on the top of the boiler (fig. 165) to the 
Btop-valve. The other openings on the top of the shell are the 
man-hole, on which a cover is bolted, and two openings for Bafetv- 
valves. One of these valves is frequently of the dead-wei^t 
type, in which the force by which the valve is held closed is 
furnished by the direct action of a pile of weights: in rDany 
cases however springs and weighted levers are used. The second 
safety-valve is often arranged to form what is called a low-water 
safety-valve, being connected to a fioat in such a way that (he 
valve will open if the water is allowed to sink below a safe level 
At the bottom of the shell there is another nozzle for the blow-out 
cock, and in the front plate, below the furnace tubes there is 
another raan-hole. Feed water is supplied by a pipe which enter* 
through the front plate on one side near the top of the water and 
extends a good way in, distributing the water by holes throaghoat 
its length. A pipe at the same level on the other side serves to 
collect scum. On the top of each furnace is a fusible plug {F, %• 
165) which melts if the furnace crown become overheated. On 
the front plate are a pair of glass gauge tubes showing the level of 
the water within and a pressure garige of the Bourdon type. This 
important fitting consists of a metal tube, oval in section, which is 
bent into a nearly circular form. One end ia closed and ia free to 
move : the other is held fixed and is open to the steam. The 
pressure of the steam tends to make the oval section rounder, and 
consequently tends, through ' anticlastic ' bending, to straighten 
the tube. The free end accordingly moves through a small 
distance which is proportional to the excess of pressure 
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toe tube above the atmospheric pressure to which its outer surface 
i8 erpoaed, and this movement is magnified by an index turning 
on a diaL Most of the fittings which have been mentioned are 
Common to boilers of all types. 

218. Maltltubular Boilen. In several other forms of ) 
boiler ao exteoaive heating surface is obtained by the use of a 
large number of small tubes through which the hot gases pass. 
This construction ia followed in locomotive and marine boilers, 
and boilers of the typical locomotive and marine fonns (to be 
presently described) are, especially the former, frequently used 
with stationary engines. The multitubular construction is also 
applied in some instances to boilers of the ordinary cylindrical 
form by making a host of small tubes take the place of that part 
of the floe or flues which lies behind the bridge, or by using small 
tubes as channels through which the gases return from the back 
to the front after they have passed through the main flue. Still ' 
another form of tubular boiler is an externally fired horizontal 
cj-Under filled with return tubes extending from back to front. Ia 
all these forms the tubes are placed within the water space of the 
boiler. Except in locomotives the tubes are commonly of iron, 
and & usual diameter is about 3 inches. They give so much heating 
surface that the outside surface of the shell need not be used, and 
bence in a tubular boiler the external flues are dispensed with 
which are a necessary feature of the Cornish or Lancashire type. 

219. Vertical Bollert. In the boilers which have been 
referred to the axis of the cylindrical shell is horizontal. But the 
cylinder may be turned up on end and the boiler take a vertical 
form, the grate of course remaining horizontal and forming the 
floor of a fire-box to which access is given by a door on the aide of 
the cylindrical shell. Large vertical boilers are now uncommon, but 
the type is a very usual one for boilers of small power. It has the 
drawback that the free surface of the water from which the s 
rises ia comparatively small and consequently the steam rises 
with a higher velocity, which increases the risk of priming. 
Fig. 168 shows an ordinary small vertical boiler with Gallon 
tubes across the upper part of the fire-box ; and Fig. 
another form, in which the water tubes are curved channels v> 
allow the water to circulate from the apace round the sidea of ti 
fiie-boz to the space above the crown. In other formH of v 
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boiler the heating surface is increased by water tubes which hmg 
from the crown of the fire-box and are closed at the lower end. 





circulation of water being maintained in them by meaiia of > 
partition in the form of an inner tube inaide of which water flo*s 
down to allow an npwanl movement of water and steam to be 
maintained between the inner tube and the outer. Tubes of this 
kind are called Field tubes, and are particularly nsed in the 
boilers of fire-engines and in other cases where steam has b) I 
be got up with the least possible delay. A section of a Field 
tube is given in fig, 170, with arrows to indicate the manner in 
which the water circulates. 

220. Water-tube Boilen. Many forms of boiler have been , 
designed in which the firing is external, and the heating sur&ce ia 
mode up of the outer surface of numerous tubes or other small 
sectional parts, through which a circulation of water is kept up in 
virtue of the differences in density between the hotter and colder 
portions of the water. In ordinary boilers the circulation is more 
or less casual : when a bubble of steam is detached from any part 
of the heating surface its place is taken by water which may 
come in from any side. In a properly designed water-tjbe boiler 
the circulation is systematic: water enters each of the tubes at 
one end and passes through in a continuous thin stream, becoin^a' ' 
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partly converted into steam as it goes. The tubes generally 
deliver into a separating vessel, from the upper part of which the 
8team-pipe takes its supply, while water collects in the lower part 
tg lie returned by gravity to the lower end of the tubes. Boilei-s 
of this tj-pe can be constructed so as to have, with their contents, a 
relatively small total weight in proportion to the rate at which they 
can make steam, which is a distinct merit in respect of marioe and 
especially of naval use. For erection in some situations such as 
basement rooms they have the advantage that they can be 
brought together in small pieces. Further they are easily made 
strong enough to resist exceptionally high pressures owing to the 
absence of any large shell: an early tubular boiler, for instance, 
designed by Mr Loftus Perkins delivered steam at 500 lbs. per 
square inch. 

A successful example of this type is the Babcock and Wilcox 
builer {fig. IJi), the heating surface of which is almost wholly 




Wilcon Boiler. 



composed of a series of inclined tubes up which water circulates 
in parallel streams. These are joined at their ends by cast-iron 
connecting boxes to one another and also to a horizontal drum on 
the top in which the mixture of steam and water which rises from 
the tube undergoes separation. At the lowest point of the boiler 
is another drum for the collection of sediment. The route t 
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pkM is indicated by arrows in the figure. Root's boiler 
of rery similar form. In the Belleville boiler, now 
adopted in the British and other Davics, the tubea 
«• gioaped in sets, each set forming a Rattened helix through 
ijtm vhoJe length of which the water rises from the sediment 
cbsnber to the separating drum. The tubes are of steel, aboat 
4} inches in diameter. They slope up with a gradient of about 1 
in 25, alternately to left and right, forming a zigzag of str^bt 
lengths, which are made continuous by malleable cast-iron junction 
boxes. Each set or section has in all a length of about loOf^t 
through which the current of steam and water passes from eml 
to end. Eight or more such sections stand side by aide to make 
op the complete boiler. A non-return check-valve at the bottom 
assists in preventing the flow from taking place in the wroi^ 
direction. When the boiler begins to make steam the circulation 
occurs in a series of gusts, the check-valve closing while each gust 
makes its way up through the zig-zag of tubes. Harrison's boilei 
is a group of smalt globular vessels of cast-iron strung like beads 
on rods which tie them together. The Herreshof boiler ia » 
continuous coil of tube, arranged as a dome over the fire. Feed 
water is pumped slowly through the coil, and turns to steitii 
before it reaches the end. Hero the circulation is mechanical!; 
forced instead of being due, as in the more usual forms, to 
differences of density in the contents. Another effective water- 
tubo boiler (Niclausse's) is composed of a group of Field tubes 
arranged so that the inner tube, through which the water flows 1 
on its way to the heating surface, opens out of one main drum or 
tube, while the outer member of each Field tube discharges steain 
and water into a second drum distinct fi-om the first, but con- 
nected with it by a pipe through which the unevapurated wal«r 
drains back. 

The construction of water-tube boilers has received much 
Rltentiou at the hands of Mr J. I. Thomycroft, especially in 
n'lation to marine engines. In his form of boiler' (fig, 172, the 
entire heating surface is made up of tubes an inch or an inch 
ftud a half in diameter and therefore not requiring to be more 
ihttD one-tenth of an inch thick for the working pressure of 

t iltn. Frw. Iiu(. C. E. Vol. xoiz. p. 41, This piiper ftbo deeoribei othei foiw 
mA wntaini an important diMuwion of the whole nibjsot. 
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200 or 250 lbs. The tubes form an arch over the fire and after 
bending out again terminate in the top of a separating dn 




F[o. 172. Thotnyoroft Boiler. 

from which the water drains by a pair of external pipes to the two 
drums which are seen at the base of the arch on either side. A 
boiler of this class fitted in a torpedo boat, with 1837 square feet 
of heating surface and 30 square feet of grate surface was tested 
by Professor Kennedy under various degrees of forced draught 
ranging up to a stokehole pressure of two iuches of water'. 
' ilin. Ptoc. liut. C. E. Vol xcii. p. 67. 
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Under the higbest pressure of air it made enough steam b) i 
T7> indieated horse-power in the engioe ; the heat used ii 
Ae atoun wm 67 per cent, of the whole energy of ibe f 
aad DGkHy 70 lbs. of coal were burnt per hour per sipiare foot 4 
patfc Analysis of the furnace gases showed that the supply uf 
air per lb. of coal was 172 lbs., and that about 9 per cent, of the 
eoeigy of the fuel was lost through imperfect conibustioa In 
aaother trial whea the air pressure in the stokehole was equivaleal 
to only half-an-incb of water the engine gave 450 indicated horee- 
power, and with practically the same supply of air per lb. of coal 
78 per cent, of the energy was used in making steam and odI) 
5 per cent, was tost through imperfect combustion. These flgures 
«nd others which will be found in Professor Kennedy's report 
show that a boiler of this kind can taake steam with gwii 
freedom and with but little reduction in efficiency even when ihi 
draught is strongly forced, while its efficiency at more ordinar 
imtea of output is remarkably high. Mr Yarrow's boiler is a some 
t simitar form, the chief difference being that its tubes ar 
ight and enter the separating drum below instead of al>o< 
the water line. Another p<]int of difference is that the Tarro 
boiler has no external pipe to complete the circuit in which t1 
mter travels. The circuit is none the less complete, for some 
the tubes between the separating drum and each of the two wat€ 
drams play the part of return tubes, through which the wat 
timuiis down, white in others, more actively exposed to the fii 
lb« current of mixed steam and water passes up. The tubetjJ 
$M two groups, converging above on the separating druTn, M 
lljiming & bridge over the grate'. ^ 

S31. LocomotlTe Boilers. The locomotive boiler consi; 
tff « nearly rectangular tire-box, enclosed above and on the sid 
L ^ water, attached to a cylindrical part called the barrel, whi 
I WWWs horizontally from the fire-bos to the front part of t 
I (M*^iwotive and is tilled with numerous horizontal tubes. Fij 
I ^^{f mmJ 171 show in longitudinal and transverse section a boil 
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V Vw k^DUBsion of Tater.tube boilers see the Trantaclioni of the Institali 
I ^ Nkw) JklubitectB, 18114. BefereDca should partioularly bo made to tlie eife 



Vl^Hsor WalkinsoD on model boilers with glass tnbcs, eihibitmg 1 
of the Baboock, Belleville, ThorDyorofl, Tarm 
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e London and North-Western Railway, which may be take 
pical of English practice. 
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i feet long and a little more thaa 4 fati 
£ op of three lioga of st«el pirtw 
tb anatmii 198 brass tubes, each 1{ oAa m 
AadiE. The froot tabe-plate in which the tuba 
»»af MmI ad is sUjred to the back tabe-plate bjrtlM 
■■hIiw^ tad the tipper part of the froBt tnbe-phte 
t tafaas ■ who tied hy longitudinal rods to the back eed- 
tmti copper and is nearly lectai^alar. with » 
I its sides, front, and badt (except when 
ti) b a water space about 3 inehea wide, 
wm ^figMr towaida the bottom. The flat sidee of ^ 
• t»d B» &t fiat aides of the shell hy copper stajr-bc4ts, 
kpark, wbkk are secured by screwing them into botli 
nvwtm^ over the ends. The crown of the fire-box is 
t bjr a lumber of girders on the top, to which the pUus 
f sbocC bolts. The girders are themselves hong fiwn 
Bk» Mp ^ tfaa abell abofe them by slings which are secured to 
i^^k irrift nvetad <» the inside of the shell plates. A slopng 
tinJfw ttC fiM-bnck partially separates the upper part of the fire- 
,iuh 'j^M■ tJM luwar and prevents the flame from ettiking the 
'«1m» 'am dbntly. Under the grate is an ashpan, to which die 
f ik aw ia ooQtroUed by a damper in front. The fire-doa 
k be set more or less open, to regulate tbs 
r ndmiftted above the fire. On top of the barrel is a 
h £tuai wlueh the steam supply is taken through a pipe 
I fbcwmni part of the steam space and pasginj 
t through the smoke-boz. The stop-vt^ve 
' ft t» aitnated in the smoke-box, and is worked by 
r from the cab at the back. Above the 
kuf tbs abaU are a pair of Ramsbottom safety-valvec^ 
d down by a single spring attached to the 
» bwr, which is prolonged to form a band lever by 
• mtf b« Msed up to see that they are free npoD 
^ k<Htt of the forward tube-plate is the smoke- 
riu fc ttlwi-pipe B by which the exhaust steam is 
^at^MttiBl vacuum and so force a draught through 

^^HBC ^ fire-box crown by the use of girder 

. vv^Miflwe followed of staying it directly to the 

^. ^.»f shell above the fire-box is get 
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i'"]rii?,il ; but to facilitate this method of staying it ia some- 

■ - miidc flat. This cooatruction ia not unusual in American 

^|^■"mutive bfiiiers, another feature of which is that the grate is 
oiade larger than in English practice, for the purpose of burning 
Utbracite coal. Ad extreme instance is funiiahed by the Wooton 
engines of the Philadelphia and Reading Railroad, which bum 
■oiall coal of poor quality in a fire-box DJ feet long by 8 feet wide, 
Extending over the trailing wheels of the engine. In some caset 
the fire-box is divided by a sloping partition of plates with water 
oetween, which crosses the fire-box diagonally from front to bavk 
*tid has in ita centre an opening resembling a fire-door mouth- 
Piece to allow the products of combustion to pass. In others the 
fire-bridge is supported by water- tubes, and water-tubes are also 
>sed as grate-bars. This is done rather to promote cii'culatioD of 
••lae water than to give heating surface. The practice of American 
^*id English locomotive engineers differs somewhat as regards the 
•*iat€rials of construction, American shells are of mild steel, 
■^ioglish shells generally of mild steel but often of wrougbt-iron. 
i* English practice the fire-boxes are of copper and the tubes of 
^rass ; in Amei'ica the fire-boxes are of mild steel and the tubes of 
^'wroaght-iron. 

The locomotive type of boiler is used for portable and semi- 
{Mrtable engines, and to a considerable extent for stationary 
engines of small and medium power. It also finds a place in 
tnarine practice in cases where lightness is of special advantage. 

222. Marine BoUers. So long as marine engines used 
steam of a pressure less than about 35 lbs. per square inch the 
marine boiler was generally a bos with flat sides, elaborately 
stayed, with a row of internal furnaces near the bottom opening 
iDto a spacious combustion -chamber enclosed within the boiler at 
the back, and a set of return tubes leading from the upper part of 
the chamber to the front of the boiler, where the products of 
combustion entered the uptake and passed ofif to the funnel. The 
oae of higher pressures has made this form entirely obsolete. 
The ordinary marine boiler is now a short circular horizontal 
cylinder of steel, closed by fiat plates at the ends, with internal 
furnaces in cylindrical flues, internal combustion-chambers, and 
return tubes above the flues. This type is often described as the 
Scotch boiler. In one variety, called the double-ended boiler, 
[ a 23— 



THE PRODUCTION OP STEAK. — BOILERa 1 

there are furnaces at both ends (S the shell, each pair leading to a 
combustion -chamber in the centre that is common to both, or (o 
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Figs. 175 and 176 show a double-ended marine boiler built 
r Messrs Gourlay Brothers for supplj-ing steam at a pressure 

165 lbs. to a triple- ex }>ansion engine. At each end there 
V three furnaces in flues made of welded corrugated steel 
atcB. The us© of corrugated plates for flues, introduced by 
J Fox, mates thin flues able to resist collapse, and allows 
le flues to accommodate themselves easily to changes of tem- 
nsture. One combustion-chamber is common to each pair of 
maces. It is strengthened on the top by girder stays and on 
fi sides by stay-bolts to the neighbouring chamber and to the 
leU. The tubes are of iron, and a certain number of them are 
;ted with nuts so that they serve as stays between the tube-plate 
' the combustion-chamber and the front of the boiler. The 
iper part of the front plate is tied to the opposite end of the 
liler by long stays. The uptakes from both ends converge to the 
nnel base above the centre of the boiler's length. The boiler 
.own is one of a pair, which lie side by side in the vessel, the 
)take at each end being common to both. Each boiler in this 
ample has a steam-dome, which is a part now often omitted, and 
Mn it the steam-pipe leads to the engine ; it consists of a small 
lindrical vessel, with flat ends tied together by a central stay. 
lort pipes connect the dome near each end with the steam space 

the main shell. The shell is 12J feet in diameter, and 16J feet 
Dg. The plates are of mild steel IJ inches thick round the shell 
id 1 inch in the ends, the comigated flues are -J inch thick 
here are 127 tubes at each end, i6 of which are stay-tubes. 
de tubes are of iron, 3^ inches in estemal diameter. Above 
lese are 18 longitudinal steel stay-rods extending from one end- 
ate to the others in the steam space. The crowns of the 
mbuation- chambers arc stiffened by girder stays, and their sides 
id bottom by short stay-bolts which tie them to one another and 

the shell 

The single-ended marine boiler is practically half a double- 
tded boiler. The furnace doors are at one end only, and the 
liler terminates in a flat end-plate which leaves only a few 
ches of water space between it and the back of the comhustion- 
lambers, the end plate and the back plate of each chamber 
ling tied together across this space by short stay-bolts. 

Reference has already been made to the use on board shir 
lilers of the locomotive and water tube types aa Bubstitutea 

23—2 
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these normal marine forms, the motive being to ssre 
also to use a higlier pressure than cim readily be bome by & 
shell Water-tube boilers, in particular, are Dow extensively osd' 
I in war-ships of the largest size, as well as in torpedo destroyers mi 
i other small craft. Pressures of 2oO lbs. per square inch and erai 
I more have consequently become oomnion. 

223. Feeding Boilers. The Injector. Boilers are usiull,' 
fed either by a feed-pump driven by the engine, or by ■ distiwl 
auxiliary engine called a "donkey," or by an injector. The 
injector, invented by the late M. Giffard, and now very generallj 
used on locomotive and other boilers, is illustrated in Gg. 177. 
Steam enters from the boiler at A and blows through an aimnkr 
orifice B, the she of which is regulated by the handle 
feed-water Sows in at D, and meeting the steam at B cai 




Pto. 177. OiffftTd'a iDjecior. 
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idense. This produces a vacuum at B, and consequently the 
T rushes in with great velocity, and streams down through 
combining nozzle /, its velocity being augmented by the 

pact of steam on the back of the column. In the lower part of 
nozzle E the stream espands ; it therefore loses velocity, and, 

a well-known hydrodynamic principle, gains pressure, until at 
bottom its pressure is so great that it enters the boiler 
lUgh a check-valve which opens only in the direction of the 
UD. The orifice F which is in communication with the narrow 

I of the combining nozzle / and leads to the overflow pipe 
the injector to start into action, by providing a channel 

Dugh which steam and water may escape until the stream 

[aires enough energy to force its way into the boiler. The 

tmag for admitting water between D and B is regulated by the 
iel H. The form of injector shown in the sketch is substantially 
original form introduced by GifFard : variations in it have been 
ie by many makers. In some of these the injector is classified 

non-UJiing, that is to say, it requires the supply of water to 
; from a source at a level not lower than that of the injector, 
non-lifting injector requires fewer adjustable parts : the steam- 

julating cone B is omitted. The exhaust-steam injector works 
steam &om the exhaust of non-condensing engines, instead of 
ve steam from the boiler. The steam orifice is then larger 

proportion to the other parts, the volume of the steam supply 
greater. In self-starting ivjectors an arrangement is pro- 
led by which overflow will take place freely until the injector 
into action and then the openings are automatically adjusted 

wit delivery into the boiler. One plan of doing this is to make 
combining nozzle under the steam orifice in a piece which is 
I to slide in the outer casing. Until the injector starts it lies at 
le distance from the steam oriflce, and allows free overflow ; but 
<a the vacuum forms it rises, in consequence of pressure at the 
i. In self-adjusting injectors this rise of the combining nozzle 

Dade use of to contract the water-way round the steam orifice. 

another form of self-starting injector one side of the combining 
lie is in the form of a hinged flap, which opens backwards to 

>w overflow to take place, but closes up when a vacuum is formed 

i the injector starts into action'. Weir's hydrohineter for \f 

Bee papsre in Proc. Ivit. Utch. Bng. 18C0, 1800, 1981. For tlia tbeotj 
Itor, Bee Peabodj'B Thenaodymmci o/ the Steam- Engint, Chapter I. 
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marine boilers is another apparatus in which the prir 
injector is made use of, with the object of promoting circulntian oi 
the water during the time steain is being raised. It consists of 
series of nozzles, with water-inlets between them, through whicli 
water is drawn by means of a centi-al jet of steam supplied from a 
donkey boiler. The Rector-condenser of Mr Morton is another 
apparatus in which the principle of the injector is applied. 

224. Feed-water heaters. In the boilers of factory and 
other stationary engines the use of a feed-water heater to extract 
from the furnace gases more heat than the heating surface of the 
boiler will itself take up, is common even when (as is generally 
the case) the chimney is relied on to maintain the draught 
Green's " economizer" is a well-known form, in which the wsl« 
passes throug^i tubes the outer surface of which is exposed to tb« 
hot gases and kept clear of deposited soot by the continuous action 
of a mechanical scraper. A precisely similar construction has been 
made to serve as a superheater, and the two have been used to- 
gether, the hot gases coming first into contact with the tubes of the 
superheater and then, at a slightly lower temi)erature, with those 
of the feed-water beater. In locomotives and other non-condenang 
engines a portion of the exhaust steain is frequently made use of 
to heat the feed-water. When an esliaust-steam injector is em- 
ployed it serves the purpose of a feed-water heater as well »s 
that of a feed-pump. Besides increasing the efficiency of t^e 
boiler by utilizing what would otherwise be waste heat, a feed- 
water heater has the advantage that by raising the temperatuN 
of the water it removes air, and also, in the case of hard water, 
causes lime and othur substances held in solution to be deposiwi 
in the heater instead of being carried into the boiler, where they 
would form scale. In Weir's feed-heater for marine engines the 
temperature of the feed-water is raised to about 200° Fahr, by 
injecting steam from the intermediate receiver. When a dontey 
pump is used for feeding boilers the feed is often heated by 
allowing the steam used by the donkey to be condensed in it 

226. U«e of Zinc to prevent corrosion In boilers. To 

prevent corrosion in boilers it is usual to introduce blocks of an" 
in metaJlic connexion with the shell. These are set in the waWt 
space, preferably at places where corrosion has been found specialij 
liable to occur. Their function is to set up a galvanic action. 
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D which ziDc plays the part of the negative element, and is 
lissolved while the metal of the shell is kept electro-positive. 
)therwise there would be a tendency for differences of electric 
[tiality between different parts of the shell to set up galvanic 
:tioDs between the parts themselves, by which some parts, being 
igative to others, would be attacked. The zinc raises the 
lOteotial of the whole shell enough to make all parts positive 
datively to the water. 

226. Hethoda of forcing draught. The simplest but by 
o means the most economical way of forcing the draught is to let 
jet of steam from the boiler discharge itself up the chimney. It 
tada to carry the furnace gases with it and so to reduce the air 
ressure in the space where the jet escapes. Allusion has already 
>en made to the system which is universal in locomotive boilers of 
iilizing the exhaust steam from the engine as a means of forcing 
le draught. Two methods of mechanically forcing the draught 
ive come into extensive use in marine practice. One plan is to 
UE in the stokehole and keep the air in it at a pressure of two or 
iree inches of water, or occasionally more, by the use of blowing 
na. In Mr Howden's system of forced draught the stokehole is 
pen, and air is supplied by a blowing fan to a reservoir formed 
y enclosing the ashpit and also to another reservoir from which 
gets access to the grate above and through the fire-door. On 
way to the reservoir the air is heated by passing across a part 
the uptake in which the hot gases from the furnace are led 
hrough tubes. This method of restoring to the furnace what 
rould othervrise be waste heat forms an interesting alternative to 
method of restoring heat to the boiler by passing the hot gases 
brough a feed-water heater ; it is in fact an application to boiler 
of the regenerative principle alluded to in Chap. II,' 
By either of these means the power of the boiler is increased 
the ratio of 3 to 2, or even more, as compared with its power 
ider chimney draught. The efficiency of the boiler is, in general, 
lightly but not very materially reduced. Arrangements are often 
'hich allow the chimney draught to serve in ordinary 
teaming and the fan to be resorted to when an exceptional 
lemand for power has to be met : in other cases the pre-ssure a' 

A deicriptioQ and diiouasioD ot these alteniBtive methods of foKdng 
rill be tonud io papers read before the iDBtitution of Nar&l ArchltecMi &p( 
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«fucA VT is supplied and coosequently the rate of eorobuation 
ti Inri OB the grate b regnlated by varyiug the speed of tk 
^a. Tbe focUity which forced draught otfers for adapting a boiler 
Ju a. wide range of power has been illustrated in the experiments 
i^uoted in § 22U. An ordinary marine boiler bums 15 to iOlte. 
trf' ooal per hoar per square foot of grate with natural draught, anil 
this is easily raised to 30 lbs. or more under forced draught. A 
locomotive using the steam blast will bom 70 or 80 lbs. per hour 
per square foot of grate, and in boilers of the locomotive type 
which have been employed in torpedo boats a consumption at the 
rate of 140 lbs. has been reached. In such cases however the 
efficiency is low, for the combustion is not very perfect and the 
temperature of the escaping gases is high. 

227. Mechanical Stoking. Many apphonces have beoi 
devised for the mechanical supply of coal to boiler furnaces, but 
these bave hitherto taken the place of hand-firiug to only a very 
limited extent. In Juckes's furnace the tire-bars are in short 
lengths, jointed by pins to form a continuous chain or web, which 
rests on rollers and is caused to travel slowly in the direction of 
the famace'a length by pin-wheels round which the web is carried 
at the front and back. Coal is allowed to drop continually on the 
travelling grate from a hopper in front of the furnace. A loore 
usual fonn of mechanical stoker is a reciprocating shovel or ram 
which is supplied with coal from a coal-hopper, and throws or 
pushes a small quantity of coal into the lire at each sti'oke. 
Along with this devices are employed for making the grate self- 
cleansing, by giving alternate fire-bars a rocking or shding motion 
through a limited range. In Mr Crampton'a dust-fuel furnace the 
coal was ground to powder and fed by rollers into a pipe from 
which it was blown into the furnace by an air-blast. This gave so 
intimate a, mixture of fuel and air that the excess of air required 
for dilution was only one-fifth of the amount required for com- 
bustion'. A similar advantage attends the use of gaseous fuel, awl 
of liquid fuel that is blown into the furuace in the form of spiay. 

228. Liquid Fuel. The use of liquid fuel for boilers bus 
acquired considerable importance, mainly in connexion with the | 
discovery of petroleum, in large quantity, at Baku on the Caspian 

' Proc. IiwC. Uech. Eng. 1869. 
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M. The "astatki" or heavy petroleum refuse which is left 
iter distilling pajuEGn &om the crude oil forms an oxcecdingljr 
leap fuel, with a calorific value from one-third to one-half greater 
an that of an equal weight of coal. It has aupereeded coal in 
le steamers of the Caspian, and has been very largely employed 
t locomotives in the sfjuth -eastern part of Russia, The oil is 
ejected in the form of spray near the foot of the fire-box by a 
m jet, which is arrangud in such a way that air is drawn into 
fiimace along with the petroleum. In the arrangement for 
liming petroleum introduced in Russian locomotives by Mr T, 
bquharl the flame impinges on a structure of fire-brick, bnilt in 
fire-boK with numerous openings to allow the gases to diffuse 
lem selves throughout the combustion -chamber. This guards 
;ainst a too intense play of flame on the naetallic surfaces, and at 
i fame time the bricks serve as a reservoir of heat to rekindle 
; flame should the combustion be intermittent. In getting up 
am an auxiliary boiler is used to supply the jet which serves 

convert the oil into spray and to inject it along with air into 
! furnace'. Obvious advantages of liquid fuel are the ease with 
lich the rate of combustion can be regulated to suit sudden 
anges in the demand for steam, also the nicety with which the 
pply of air taken in by the oil injector can be adjusted, and the 
Dtinuity with which the fuel is supplied, its entrance requiring 

opening of the fire-door with a consequent inrush of cold air. 

Owing to the cost and danger of transporting oil in bulk its 
} 88 furnace fiiel, although perfectly successful in the neighbour- 
lod of the oil wellfl, has hitherto been almost wholly restricted to 
rtain districts. In England however Mr Holden has used with 
; only Russian petroleum refuse but also the residuum 
shale-oil distilleries with tar and other heavy liquid refuse as 
substitute for coal in a number of the locomotives of the Great 
kstem B^ilway. In some cases the oil is used alone ; in others 
is used in conjunction with coal. It is sprayed into the fire-box 
' steam injectors, mixing in the injector with air which has been 
eviously heated to about 300° Fah. by passing through a heater 

the smoke-box. When oil is used alone the consumption per 
ile is stated to be 165 lbs. as against 55* lbs. of coal. 
Bpinall also uses oil fuel in locomotives of the Liverpool I 

' Urqubwl. Hin. Proe. Ifat. C. E. 1S84. 
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linefl, m^nly to reduce the risk of fire from sparks and to prevent 
8moke>. 

229. Snperheatiiig. The moat usual mode of superfaeatmg 
steam is to cause it to traverse a stack of pipes which is placed in ibe 
boiler flue, or, in exceptional cases, is separately fired. When set is 
the boiler flue the superheater should be so placed that the furnace 
gases act on it before their heat has been extracted by passing 
over all the heating surface of the boiler. If placed in the uptake 
of the flues the superheater will be comparatively ineff'ectii'e, 
especially when the boiler is steaming lightly. In Schworers 
superheater, a form largely used in Alsace (where superheating 
has been commonly practised ever since its advantages were 
established by the experiments of Him), the stetim passes throngb 
a single short coil of comparatively large pipe which has gilb cast 
on it to enlarge its heating surface. Gehre's superheater consisle 
of a pair of cylindrical drums between the end plates of which are 
fitted a large number of straight tubes. Steam circulates through 
the drum, while the hot gases pass through the tubes as well as 
along the outside of the dnuns. Another form of superheater is 
made by having a group of U-shaped tubes in the flue with their 
ends fitted into a box or pipe with a partition which compels the 
steam to go down one leg of each U and up the other'. 

230. Steam Boiler Tiiali. For examples of complete boiler 
trials reference should be made to the series of tests conducted by 
Messrs Bryan Donkin and Kennedy and published in detail in 
Enffineering from 1890 to 189+. These trials, twenty-one in 
number, deal with boilers of nine different types and in most cases 
include analyses of the furnace gases. From these analyses, along 
with meaauronients of the coal burnt and of the water evaporated, 
heat accounts are made out showing the items which compose the 
total expenditure of heat, and the quantity of air passing through 
the furnace is determined. From a summary given by Mr Donkia 

' Aapiuall on Petrolenm as SCeaoi- Engine Fael. Institution of CitU Enginetn, 
Conference, 1897, 

' For partiflulare ol vkriona Bnperbeaten see Mr P»tcheU's "Note» 
Saperheating." Frac. Init. Mich. Eng. April 1896. Tlie disouBsion on Ihi* japer 
elves much iotereatinu lofoimatioa on the general qa«stioa of the use oi supet* 
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of the results of the experiments^ a number of more or less repi 
sentative figures have been selected (Table XII). In the two triaLf « 
marked with an asterisk an economiser was used to heat the fee<^i^ 
water, but the stated area of heating surface is that of the boile~^^ 
alone and does not include the supplementary surface furnished b^^^ 
the economiser. The stated values of the evaporated water are 
the actual quantities heated and evaporated under pressure, h\ 
the equivalent quantities from and at 212° Fah. 

Results are also stated for a locomotive tested while runninj 
but the heat account shows that priming has probaUj interfere--^^ 
with their accuracy. In the trials of stationary locomotive boileer- ^ 
it is interesting to notice how the efficiency is reduced by a t(^^ 
free admission of air, in the first of the three experiments dtec/ 
here. 

^ Engineering, Sept. 2b, 1895. 






CHAPTER XII. 

P0RM8 OF THE BTRA.H-BNOINE. 

231. Termi uaed In claulficatloD. In classifying engines 
with regard to their general arrangement of parts and mode of 
Working, account has to be taken of a considorable number of 
independent characteristics. We have, first, a general division 
into condensing and non-condensing engirtea, with a subdivision of 
the condensing class into those which act by surface condensation 
and those which use injection. Next there is the division into 
compound and non-compound, with a further classification of the 
former as double-, triple-, or quadruple- expansion engines. Again, 
enginee may be classed as single or double-acting, according as the 
steam acts on one or alternately on both sides of the piston. 
Again, a few engines — such as steam-hammers and certain kinds 
of st«am-pumps — are nou-rotatiw, that is to say, the reciprocating 
motion of the piston does work simply on a reciprocating piece ; 
bat generally an engine does work on a continuously revolving 
shaft, and is termed rotative. In moat cases the crank-pin of the 
revolving shaft is connected directly with the piston-rod by a 
connecting-rod, and the engine is then said to be direct-acting ; in 
other cases, of which the ordinary beam-engine is the most 
important example, a lever is interposed between the piston and 
the connecting-rod. The same difitinction applies to non-rotative 
pumping engines, in some of which the piston acts directly on the 
pump-rod, while in others it acts through a beam. The position 
of the cylinder is another element of classification, giving korixontal, 
vertical, and inclined cylinder engines. Many vertical -re 

further distinguished as belonging to the iitver*^- 
that is to say, the cylinder is above the connei 
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Id oscillating cylinder enginea the coimectmg-rod is dispctiSMl 
with ; the piston-rod works on the crank-pin, and the cyliodt 
oscillates on trnnnions to allow the piston-rod to follow the 
crank-pin round its circular path. In trunk engines the pistoD-rod 
is dispensed with ; the connecting-rod extends as far as the pistoo. 
I which it is jointed, and a trunk or tabular extension of the 
, through the cylinder cover, gives room for the rod M 
cillate. In rotary engines there ia no piston in the ordinary 
; the steam does work on a revolving piece, and the necessity 
lis thus avoided of afterwards converting reciprocating into roUij 
f motion. Steam turbinen may be said to form an extreme develop- 
ment of this rotary class. Still another mode of classification 
speaks of engines in refL-ronce to the conditions under which they 
are to work, as stationari/, loctimolive, or marine. 

Beam-Englnei, In the single-acting atmospherie 

engine of Newconien the beam was a necessary feature ; the use of 

water-packing for the piston required that the piston should mom 

down in the working stroke, and a beam was needed to let the 

J counterpoise pull the piston up. Watt's improvements made the 

kbeam no longer necessary ; and in one of the forms he dosigued it 

tvas discarded — namely, in the form of pumping-engine known as 

' the Bull engine, in which a vertical inverted cylinder stands over 

and acta directly on the pump-rod. But the beam type was 

generally retained by Watt, and for many years it remained a 

fevourite with the builders of large engines. The beam formed a 

convenient driver for pump-rods and valve-rods ; and the parallel 

motion which had been invented by Watt as a means of guiding 

the piston-rod could easily be applied to a beam-engine, and was, 

in the early daj-s of engine -building, an easier thing to construct 

than the plane surfaces which are the natui-al guides of the 

piston-rod in a direct-acting engine. In modem practice the 

I direct-acting type has almost wholly displaced the beam type. 

■ For miil-driving and the general purposes of a rotative engine 

the beam tj'pe is now rarely chosen. In pumping engines it is 

more common, but even there the tendency is to use direct-acting 

forma. 

The only distinctive feature of beam-engines requiring special 
notice here is the " parallel motion," an ordinary form of which is 
shown diagramraaticaUy in fig. 178. There MN is the path in whicfc 
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the piBtoD-nxJ hear!, or crosahead, as it is often called, is to be guided, | 
-^ Be is the middle line of half the beam, C being the fixed centre: I 
about which the beam oscillates. A link BD connects a point iaJ 



FiQ. 178.— WatfB Parallal Motion. 

*«e beam with a rndius link ED, which oscillates about a fised ^ 
"^^ntre at E. A point P in BD, taken so that BP:DP::EN: CM. 
''^oves in a path which coincides very closely with the straight line 
"tt*N. Any other point F in the line CP or CP produced is made 
*^ Copy thLi motion by means of the links AF and FG, parallel to 
"O and AC. In the ordinary application of the pai-allel motion a 
Pwint such as ^ is the point of attachment of tho piston-rod, and 
-f" is used to drive a pump-rod. Other points in the line CP 
Produced are occasionally made use of, by adding other pairs 
of links parallel to AC and BD. 

Watt's linkage gives no more than an approximation to \ 
Wraight-line motion, but in a well-designed example the amount 
of deviation need not exceed one four-thousandth of the length of 
the stroke. It was for long believed that the production of an 
exact straight-line motion by pure linkage was impossible, until 
the problem was solved by Ihe invention of the Peaucellier cell. 
The Peaucellier linkage has not been applied to the steam- 
engine, except in isolated cases. 

In by far the greater number of modem steam-engines the i 
crosshead is guided by sliding on planed surfaces. In many beam-: 
engines, even, this pl,tn of guiding the head of the piston-rod has 
taken the place of the parallel motion. 

233. Direct-acting Horiiontal and Vertical Englnei, 

This plan of guiding the piston-rod head is practically 
veisal in engines of the direct-acting class: the piston, the 
connecting-rod and the crank constitute a "slide r-crank-chaJtt" 
with the frame or bed-plate of the i 
f>ltti>qnti. 
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No type of steam-engine is so common as the bomontai 
direct-acting. In small forms the engine is generally aelf^Nintaiiied, 
in other words, a single frame or bed-plate carries all the parte, 
inclnding the main bearings in which the crank-shaft with itc 
fly-wheel turns. The cylinder either rests on the bed-plate, or 
overhangs at the back, being in the Utter case bolted to a vertical 
part of the frame which forms a cover for the front end of the 
cylinder. The frame is often given what is called a girder shape, 
which brings a portion of it more directly into the line of thmst 
between the cylinder and the crank centre, aud allows the upper 
as well as the lower of the two surfaces which serve as guides for 
the crosshead to be formed on the frame itself This constructioD 
is found in many small engines and is also usual in large engines 
of the Corliss type. The feed-pump plunger is usually driven 
from a separate excentric: id some cases it is directly attached to 
the crosshead, and in others to the valve-rod. When a condenser 
is used with a small horizontal engine it is usually placed behind 
the cylinder, and the air-pump, which is within the condenser, ii 
a horizontal plunger or piston-pump worked by a ' tail-rod ' — that 
is, a continuation of the piston-rod past the piston and throogb 
the back cover of the cylinder. In large horizontal engines tin 
condenser generally stands in a well between the cylinder and 
the crank-shaft, and the pump, which has a vertical stroke^ ia 
worked by means of a bell-crank lever attached by a link to ike 
croaahead of the engine. 

When uniformity of driving effort or the absence of dead 
points is specially important, two independent cylinders often 
work on the same shaft by cranks at right angles to each other, 
an arrangement which allows the engine to be started readily 
from any position. Such engines are called coupled. The ordinary 
locomotive is an example of this form. Winding engines form&ie^ 
and collieries, in which ease of starting, stopping, and reversing is 
essential, are very generally made by coupling a pair of horizontal 
cylinders, with cranks at right angles to each other, on opposite 
sides of the wiuding-drum, with the link-motion as the meaosd 
operating the valves. 

Direct-acting engines of the larger class are generally com- 
pounded either (1) by having a high and a low pressure cylinder 
side by side, working on two cranks at exactly or nearly right 
angles to each other, or (2) by placing one cylinder behind the 
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ther, with the axes of both is the same straight line. The 
r is called the taridem airangenietit In it one piston-rod 
s generally common to both cylinders; occasionally, however, the 
liston-rods are distinct, and are connected to one another by 
pi framing of parallel bars outside of the cylinders. Another 
Bonetruclion, rarely followed, is to have parallel cylinders with 
both piston-rods acting on one crank by being joined to opposite 
ends of one long crosshead. In a few compound engines the 
large cylinder is horizontal, and the other lies above it in an 
hiclitied position, with its connecting-rod working on the same 
Cmnk-pin. 

In tandem engines, since the pistons move together, there is 
no need to provide a receiver between the cylinders. It is practic- 
able to follow the "Woolf" plan {§ 146) of allowing the steam to 
expand directly from the small into the large cylinder; and in many 
instuices this is dona In any case, however, the connecting-pipe 
and steam-chest form an intermediate receiver of considerable 
which will cause loss by "drop" (§ 148) unless steam be cut 
off in the large cylinder before the end of the stroke. Hence it 
is more usual to work with a moderately early cut-off in the 
low-pressure cylinder than to admit steam to it throughout the 
whole stroke. Unless it is desired to make the cut-off occur 
1>efore half-stroke, an ordinary slide-valve will serve to distribute 
Bteam to the large cylinder. For an earlier cut-off than this a 
separate expansion- valve is required on the low-pres!<ure cylinder, 
to supplement the slide-valve ; and in any case, by providing a 
ieparate expansion-valve, the point of cut-off is made subject to 
easy control, and may be adjusted so as to avoid drop or to divide 
the work as may be desired between the two cylinders. For this 
Teason it is not unusual to lind an expansion-valve, as well as 
B common slide-valve, on the low-pressure cylinder even in tandem 
engines. In many cases, however, the common slide-valve only 
used. In the high-prossure cylinder of compound engines, 
the cut-off is usually effected either by an expansion slide-valve 
icr by some form of Corliss or other trip-gear. 

For mill engines the compound tandem and compound coupled 
types are the most usual, and the high-pressure cylinder is very 
'generally fitted with Corliss gear. In the compound coupled 
arrangement the cylinders are on separate bed-plates, and the 
fly-wheel is between the cranks. The use of triple expansion 
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engiriGs in mill-driviDg is eztending but is still compantiTel/ 
UDcommon. 

The general arrangement of vertical engines differs little from 
that of horizontal engines. The cylinder is usually supporWd 
above the shaft by a cast-iron frame resembling an inverted iV, 
whose aides are kept parallel for a part of their length to serre a 
guides for the crosshead. Sometimes one side of the frame onlj 
is used, and the engine is stiffened by one or more wrought-iroa 
columns between the cylinder and the base on the other side. 
Wall-engines are a vertical form with a flat frame or bed-plate, 
which is filed by being bolted against a wall ; in these the shaft 
is generally at the top. Vertical engines are compounded, lika 
horizontal engines, either by coupling parallel cylinders to omnki 
at right angles (or at 120° if triple expansion is to be used, as in 
the ordinary marine form) or, tandem fashion, by placing the high- 
pressure cylinder above the other. In vertical condensing engioea 
the condenser is situated near the base under the back limbs of 
the frame, and the air-pump, which has a vertical stroke, is 
generally worked by a horizontal lever connected by a short link 
to the crosshead. In some cases the pump is horizontal, and is 
worked by a crank on the main shaft'. 

In land eugines using condensation the jet form of condeoBer 
is the most usual, surface condensation being resorted to only in 
special cases, as when the available supply of water is misuited for 
boiler feed. When there is no large supply of condensing water 
a very fair vacuum can be obtained by using an evaporative Ciw- 
denser, consisting of a stack of pipes into which the exhaust steam 
is admitted and over which a comparatively small amount of cold 
water is allowed to drip. Such a condenser is placed in the op^ 
air, generally on the roof, and the amount of water used by it 
need not exceed the amount that ts condensed. It can therefiire 
be applied, to what would otherwise be non-condensing enginei, 
giving the thermodynamic advantage of condensation without any 
additional expenditure of water, the feed water being saved by 
condensation while the quantity of cooling water is no more, and 
may even be less, than the quantity would be required for feed. 



I For partioiilarB of the usual fomiB taken by engiceB. see Haeder'a Sandb^oi ^ 
the Steam-Eiigint, Tran. by H. H. P. Powlea (1893). The conatruotion of deUili 
is dilouBBed la Unwin's ElemenU of Machint Dctiga, Vol. ii. 
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234 Single-acting High-speed SnglneB. The ordinary 

louble-actiog engine, whether of the horizontal or vertical variety, 
■ay be adapted to a high speed by lightening its reciprocating 
irts, enlarging ita bearing surfaces, and taking pains to secure 
pnmetry and balance in the design, Mr Thomycroft, for example, 
IB reached a speed of 1000 revolutions per minute in the engines 
tnlt by him to drive fans for forcing the draught of torpedo boata, 
Lod even the comparatively large engines of a thousand horse- 
Bwer or more which drive the propellers in these vessels are made 
» ron at 400 or 500 revolutions per minute, mainly through the 
le of exceptionally large beai-ing surfaces. Several successful 
Btancea of the double-acting high-speed type might be named, 
it the high-speed engines moat usually met with are of the 
Rgle-acting type. Steam is admitted to the back of the piston 
lly, and the connecting-rod is in compression throughout the 
bole revolution. Besides simplifying the valves, this has the 
tportant advantage that alternation of strain at the joints may 
> entirely avoided, with the knocking and wear of the brasses 
hich it is apt to cause. To secure, however, that the connecting- 
d shall always push, there must be much cushioning during the 
ick or exhaust stroke, for reasons which have been esplained in 
bapter X. From a point near the middle of the back stroke to 
le end the piston is being retarded ; cushioning must begin at 
lat point or earlier, and the work spent upon the cushion must 
I every stage be at least as great aa the loss of energy on the 
irt of the piston and rods. In some single-acting engines this 
ishioning is done by compressing a portion of the exhaust 
eam ; in others the rod is kept in compression by help of a 
Ipplementary piston, on which steam from the boiler presses ; in 
le Willans engine the cushioning is done by compressing air. 
be demand for an engine which should run fast enough to drive 
dynamo directly, without a belt or other intermediate gearing 
t multiply the speed, has done much to bring engines of this 
aes into use. 

An early example is the three -cylinder engine introduced by 
[r Brotherhood in 1873, a recent form of which is shown in 
gB. 179 and 180. Fig. 179 is a longitudinal and fig. 180 a trans- 
Brae section. Three cylinders, set at 120" apart, project from a 
beed casing, the central portion of which communicates with 
■0 exhaust. The pistons have the trunk form — that is to say. 
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e is a joint in the pUton itself which allows the piston, 
■illate, and so makes a separate connecting-rod uiui< 
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Fi<3. ITS. — Brotherhood's Three-CylindeT Engiue; loneitadiu&l Motion. 

e three rods work on a single crank-pin, and the balance weights 
are on a pair of crank cheeks on the other side of the shaft. 
Steam is admitted to the hack of the pistons only. It passes 
first through a throttle -valve, which is controlled by a centri- 
fagal spring-governor (fig. 179), and is then distributed to the 
cylinders by three piston-valves worked by an eccentric, tbfl 
sheave of which is made hollow so as to overhang one of the 
main bearings. Belcase takes place by the piston itaelf uncove^ 
ing exhaust ports in the circumference of the cylinder, and the 
J motion of the piston-rod is taken advantage of to open » 




^ftolhorhood'B Thrce-Crlmdar Engine: tranaTerae leetioa. 
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euppletnentarj' eibauat port {fig. 180), which remains open during 
a sufiScient portiou of the back-stroke. The flexible coupling 
■howB at the right-hand eod of the shaft in fig. 179 transmits 
the twisting moment of the shaft through disks of leather, and 
80 prevents straining of the shaft and bearings through any 
want of alignment between the ehaft of the engine and that of 
the mechanism it drives. Besides its use as a steam-engine, TSr 
Brotherhood's pattern has been extensively applied in driving 
torpedoes by means of compressed air. As a steam-engine it is 
compounded by placing a high-pressure cylinder outside of and 
tandem with each of the three low-pressure cylinders. 

In other single-acting engines the cylinders are placed side by 
side above the shaft, to act on two or on three cranks. The cranks 
and connecting-rods are completely enclosed, and are lubricated by 
dipping into a mixture of oil and water with which the lower 
part of the casing is filled. In the Weatinghouse engine there 
are two vertical cylinders to which steam is admitted by piston- 
valves, and the crank-shaft is situated half a crank's length out of 
the line of stroke, to reduce the effect of the connecting-rod's 
obliquity during the working stroke. 

To this type also belongs the Willans " central valve" engine, 
which has been repeatedly referred to in Chapter V. in con- 
nexion with the late Mr Willans' important experimental work. 
The exceptional efficiency of this engine in regard to consumption 
of Bteam, together with the facility it gives for driving a dynamo 
direct, and the small bulk which is a consequence of the high 
speed, has led to its being extensively used at electric lighting 
Blations and elsewhere, in sizes ranging up to about 500 horse- 
power. In the compound and triple forms the successive cylinders 
are set tandem, in a vertical line, and the space below the upper 
piston servts as intermediate receiver. In some cases a single 
crank is used, hut generally two or three sets of cylinders are 
grouped in parallel lines above a corresponding number of cranks. 
The advantage of three sets, acting on three cranks 120° apart, in 
respect of freedom from vibration has been pointed out in § 211, 
The piston-rod of each set of cylinders is hollow, and has a piston- 
valve in it, worked by an eccentric on the crank-pin, and arranged 
so that the relative movement of this valve with respect to thai 
hollow rod determines the admission, transfer, and exhaust of tl 
^||uiL The croashead is itself a piston, working in a holli 
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cylindrical guide, which becomes closed during the up-stroke » 
that air may be compressed in it to serve as a cushion and 
prevent the stress at the craok-pin from ever changing from puah 
to pull, as was explained in § 209, The work stored in this Mr- 
cushion during the up-atroke ia restored during the down-stroke, 
almost without loss. The eccentric rod which works the valre ii 
also as a rule kept in compression by the pressure of the live 
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oq the topmost pis ton -valve. The rod is eplit up iiito two parallel 
parts and the valve eccentric ia set between them, its sheave 
l>eing furged on the crank-pia so that the relative motion of the 
Valve to the piBton-rod which encloses it may be the same as the 
motioa which a valve in an ordinary engine performs relatively to 
its fixed seat when the valve is moved by an eccentric on ita 
shaft. These features will be better understood by reference to 
fig. 181, which gives a section through the two lines of cylinders 
in a two-crank compound engine. The two lines are alike, but 
the drawing shows the piston-rod in section on the left-band side, 
in order to let the piston-valves inside it be seen. Steam enters 
the steam-chest at the top through a double beat throttle-valve A, 
which is controlled by a centrifugal governor. It is admitted to 
the topmost cylinder through the ports B and C in the hollow 
piston-rod or "trunk." Cut-off occurs when the ports B are 
covered by disappearing into the gland of the top cylinder cover 
as the piston-rod descends, Subsequently the relative motion 
of the valve rod within makes the valve F", cover the port C, and 
{near the end of the down-stroke) puts the ports C and D in 
communication with each other between the valves P, and F,, in 
order to allow the steam which has expanded in the first or upper 
cylinder to pass into the space between the upper piston and the 
cover of the second cylinder below. During the back-stroke the 
steam passes into this space, which serves as intermediate receiver, 
and thence is admitted, in the next down-stroke, into the second 
cylinder in just the same way as it was admitted into the first. 
For triple expansion a third cylinder is placed below the second, 
and the steam passes through it in the same way during a third 
revolution of the engine. It finally escapes to the exhaust chamber, 
the position of which is marked on the figure, The part of the 
stroke at which cut-ofF occurs is regulated by adjusting the height 
of the glands in the top of each cylinder cover. The air buffer ia 
contained in the guide cylinders EE. 

Several other forma of high-speed single-acting engines re- 
semble the Willans engine in being completely encased and in 
effecting lubrication by making the cranks splash about oil and 
water inside the case. In Mather and Piatt's form the connecting 
rods and piston-rods are kept in tension, steam being admitted 
only below the pistons. A supplementary balance piston, on 
the under side of which the steam presses continuously, serves to 
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i nuuntain a state of tension id each rod wh^i it would otherwise 
-change to a state of compression in consequence uf the inertia uf 
I the reciprocatiog parts (see § 209). 

Pumping Engines. In engines for pumping water 
and other liquids, or for blowing wr, it is not essential to drive a 
revolving shaft, and ia many forms the reciprocating motion of 
the etean)>piston is applied directly or through a beam to produce 
the reciprocating motion of the pump-piston or plunger without 
the intervention of any revolving part. On the other hand, 
pumping and blowing engines are frequently made rotative fn 
the sake of adding a fly-wheel. When the level of the suctioD 
water ia sufficiently high, horizontal engines, with the pump 
behind the cylinder and in line with it, are generally preiened; 
in other cases a beam-engine or vertical direcl-acting engine ia 
more common. Horizontal eogiues are, however, employed to 
pump water from any depth by using triangular rocking 
which serve as bell-crank levers between the horizontal piston 
and vertical pump-rods. For deep-well or mine pumping the 
Comiah type still finds employment with its single cylinder, 
single action, and cataract control. The non-rotative engine 
frequently takes a double-acting and compound form, as for 
instance in fig. 182, which shows a compound inverted verttnl 
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pom ping- engine of this claaa, by Mesara Hathorn. Davey and Co. 

Steam is distributed through lift valves, and the engine ia 

governed by the differential gear illuHtrated in fig. 144, in conjunc- 
tion with a cataract, which makes the pistons pause at the end of 
each stroke. The piston-s are in line with two pump-rods, and are 
oouplcd by an inverted beam which gives guidance to the crosa- 
heada by means of a link-work which produces an approKimate 
Btroight-line motion. 

Engines of this kind, like the old Cornish pump, are able to 
work expansively in consequence of the great inertia of the 
reciprocating pieces, the chief of which are the long and massive 
pump-rods. Notwithstanding the comparatively low frequency of 
the stroke, enough energy is stored in the movement of the rods 
to counterbalance the inequality with which the expanding steam 
works in different portions of the stroke, and the rate of accelera- 
tion of the system adjusts itself to give, at the plunger end, the 
nearly uniform effort which is required in the pump. In other 
words, the motion (instead of being almost simply harmonic as it 
is in a rotative engine) is such that the form of the inertia curve, 
when drawn as in fig, 149, is nearly the same as that of the steam 
curve, with the result that the distance between the two, which 
represents the effective effort on the pump-p!unger, is nearly 
constant. The massive pump-rods may be said to form a re- 
ciprocating fly-wheel. 

It is however only to deep-well pumping that this applies, and 
a very numerous class of direct-acting non-rotative steam-pumps 
have too little ma.ss in their reciprocating parts to allow such 
an adjustment to take place at any ordinary speed. A familiar 
example is the small donkey pump used for feeding boilers, which 
has its steam-piston and pump-plunger on the same piston-rod. 
In such engines an auxiliary rotative element is often introduced, 
partly to secure uniformity of motion and partly for convenience 
in working the valves ; a connecting rod, for instance, is sometimes 
taken from a point in the piston-rod to a crank shaft which 
carries a fly-wheel, or a slotted crosshead is fixed to the rod 
and gives motion of rotation to a ci-ank-pin which gears i 
slot, the line of the slot being perpendicular to that ■ 
stroke. But many pumps of this class are purely non-rotativE 
and in such cases the steam is generally admitted i 

^^^whole of the stroke, since the inertia of the par 
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Bufficient to give the means of reconciling uniformity of pump- 
c&brt with expansive working. In some of these the valve a 
wurk«d by tappute from the piston-rod. In the Blake eteant- 
puDip a tappet workfd by the piston as it reaches each end of 
iki stroke throws over an auxiliary steam-valve, which admits 
steam to one or other side of an auxiliary piston carrying the 
m^n slide-valve. In Cameron and Floyd's form one of a pair ot 
tappet-valves at the ends of the cylinder is opened by the pistoa 
as it reaches the end of the stroke, and puts one or other side 
of an ausiliaiy piston, which carries the slide-valve, into com- 
munication with the exhaust, so that it is thrown over. Often 
the working of the valve b secured by using a " duplex " pair of 
cylinders, and arranging them so that the motion of one controls 
the valve of the other. In the Worthington steam-pump, for 
example, two steam-cylinders are placed side by side, each working 1 
its own pump-pistoD. The piston-rod of each is connected by a 
short link to a swinging bar. which actuates the slide-valve of the | 
other steam-cylinder. In this way one piston begins ite stroke 
when the motion of the other is about to cease, and a smooth ' 
and continuous action is secured'. 

The Worthington engine has been extensively applied, on a 
large scale, to raise water for the supply of towns and to force 
oil through " pipe-lines " in the United States. In the larger 
sizes it is mado compound, each high-pressure cylinder having 
a low-pressure cylinder tandem with it on the same rod. To 
allow of expansive working, an ingenious device is added which 
compensates for the inequality of effort on the pump-piston that 
would result from an early cut-off. A ( 
fixed to each of the piston-rods is con- 
nected to the plungers of a pair of oscil- 
lating cyliuders B, B, which contain water 
and communicate with a reservoir full of 
air compressed to a pressure of about 
300 lb. per square inch. When the stroke 
(which takes place in the direction of the 
arrow) begins these plungers are at first 
forced in, and hence work is at first done '"' 

by the main piston-rod, through the compensating cylinders S, B, 

> For partiaatarB of the performaDce o[ several smal! pampiiiB-eiiguiM of Uiit 
elftai Bee Proc. /nil, Uech. Eng. Oct. 1S93. 
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™* tlie compressed air in the reservoir. This continues until the 
^OBsheaii has advanced so that the oscillating cylinders stand at 
^ght angles to the line of stroke. Then for the remainder of the 
stroke their plungers assist in driving the main piston, and the 
'Compressed air gives out the energy which it stored in the earlier 
portion. The volume of the air reservoir is so much greater than 
the volume of the cylinders B, B that the pressure in it remains 
Dearly constant throughout the stroke. Any leakage from the 
cylinders or reservoir is made good by a small pump which the 
engine drives. One advantage which this method of equalizing 
the effort of a steam-engine piston has (as compared with making 
use of the inertia of the reciprocating masses) is that the effort, 
when adjusted to be uniform at one speed, remains nearly uniform 
although the speed be changed, provided the inertia of the 
recipnx^ting parts be small. In the Worthington "high-duty" 
engine, where this plan is in use, the high and low-pressure 
cylinders are each provided with a separate expansion- valve of 
the rocking-cylinder type, as well as a slide-valve ; the cut-off is 
early, and the efficiency is as high as in other pumpiug-engines 
of the best class. The results obtained in tests of these engines 
have been referred to in Chapter V. 

Another method of compensatiug for the inequality of the 
piston thrust during expansion in non-rotative pumping-engines 
is to connect the pistons not directly but through a rocking piece 
in such a way that the steam-piston gets a mechanical advantage 
over the pump-piston as the stroke proceeda This has been done 
by Mr Davey in cases where the reciprocating pieces have not 
enough inertia to make a compensating device unnecessary. A 
rocking sector between the pistons causes their velocity ratio, 
which is nearly one of equality in the early portion of the stroke, 
to alter as the stroke goes on, with the result that in the later 
stages as the steam pressure falls off the pump-piston moves more 
Blowly than the steam -piston. 

236. The Puliometer. Mr Hall's " pulsometer" is a peculiar 
pum ping-engine without cylinder or piston, which may be regarded 
ea the modem representative of the engine of Savery (§ 6). The 
sectional view, fig. 1S4>, shows its principal parts. There are two 
duimbera A, A', narrowing towards the top, where the steam-pipe 
B enters. A ball-valve C allows steam to pans iatr '^^ 
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chambers sod closes the other. St«am entering (sajr) the li^ht* 
hand chamber forces water oat of it past the 
clack-valve finto a delivery passage D, wMch 
is connected with an air-vessel When the 
water-level in A sinks so far that steam b^ns 
to blow throngh the delivery-passage, the 
water and steam arc disturbed and so brought 
into intimate contact, the steam in J is con- 
densed, and a partial vacuum is formed. This 
causes Che ball-valve C to rock over and close 
the top of ^, while water rises from thesnctioii- 
])ipe £ to fill that chamber. At the same time 
steam begins to ent^r the other chamber A', 
diacharging water from it, and the same seiies 
of actions is repeated in either chamber alter- 
nately. While the water is being driven out 
there is comparatively little Mndensation of steam, partly hecanae 
the shape of the vei^el does not promote the formation of eddiu, 
and partly because there is a cushion of air between the steam 
and the water. Near the top of each chamber is a small air-valve 
opening inwards, which allows a little air to enter each time ft 
vacuum is formed. When any steam is condensed, the air inix«ii 
with it remains on the cold surface and forms a non-conducting 
layer. Further, when the surface of the water has become bot 
the heat travels very slowly downwards so long as the sur&ce 
remains undisturbed. The pulsometer of course cannot claim 
high efficiency as a thermodyoamic engine, but its soitabilitf 
for situations where other steam-pumps cannot be used, and tbs 
extreme simplicity of its working parts, make it valuable in 
certain cases. Trials of its performance have shown that under 
favourable conditions a pulsometer may use no more than 150 lbs. 
of steam per effective horse- power- hour. This cousumption dort 
not compare uufavoumbly with that of small non-rotative steatt* 
pumps'. 

237. Davey'B ta.titT Motor. We have seen that the ten- 
dency of modem steam practice is towards high pressures, and 
that this means a gain both in efficiency and in power for a 

• Proe. Imt. Mfch. Eng. 1893, p. *&6. An aatomatic Talva is deecribed in lfa« 
B place wbidi eoables the pnleometer to nae eteam expansivelj. 
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pven weight of engine. High pressure, or indeed any pressure 

Materially above that of the atmosphere, is out of tlie question 

*hen engine and boiler are to work 

"ntboul the regular presence of an 

•ttendant. Mr Davey has introduced 

• small domestic motor which deserves 

flotice from the tact that it employs 

't«am at atmospheric pressure. One 

form of this engine is shown in tig. 185. 

The boiler — which serves as the frame 

<rf the engine — is of cast-iron in the 

oxample shown in the drawing, though 

In more recent cases a steel boiler has 

l>een substituted. It is fitted with 

& cast-iron internal fire-box, with a 

Vertical flue which is traversed by a 

Urater-bridga The cylinder, which is 

enclosed within the upper part of the 

Iwiler, and the piston arc of gun-metal, 

and work without lubrication. Steam is admitted by an ordinary 

slide-valve, also of gun-metal, worked by an eccentric in the usual 

ytay. The condenser stands behind the boilor; it consists of a 

number of upright tubes in a boi, through which a current of cold 
water circulates from a supply-pipe at the bottom to an overflow- 
pipe at the top. In larger sizes of the motor the cylinder stands 
on a distinct frame, and the boiler has a hopper tire-box, which 
ivill take a charge of coke sufficient to drive the engine for several 
honrs without attention. About 6 or 7 lb. of cohe are burned per 
horse-po wer-hour. 

238. Botary Bnginei. From the earliest days of the 
rotative engine attempts have been made to avoid the intermittent 
reciprocating motion which an ordinary piston-engine firat produces 
and then converts into motion of rotation. The design of rotary 
engines, to use the name generally applied to non-reciprocating 
ibnns, has exercised the ingenuity of many iuventora, with rcsulM 
which in g^ieral have little value or inttrrest except to the student 
of applied kinematics. Murdoch, the contemporary of Watt, 
proposed an engine consisting of a pair of spar-whec-b gearing 
with one another in a chamber through which ■team pawed by 
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being carried round the outer sides of the wheels ia the spaces 
between Bucceasive teeth'. 

In a more modem wheel-engine (Dudgeon's) the steam was 
admitted by ports in side-plates into the clearance space behind 
teeth in gear with one another, juat after they had passed the line 
of centres. From that point to the end of the arc of contact the 
clearance space increased in volume ; and it was therefore possible, 
by stopping the admission of steam at an intermediate point, to 
work expansively. The difficulty of maintaining steam-tight 
connexion between the teeth and the side-plates on which the 
fiu:es of the wheels slide is obvious; and the same difficulty has 
prevented the success of other forms of rotary engine. Those 
have been devised in immense variety, in many casea, it would 
seem, with the idea that a distinct mechanical advant^e was to 
be secured by avoiding the reciprocating motion of a piston*. 
In point of feet, however, very few forms entirely escape having 
pieces with reciprocating motion. In all rotary engines, with the 
exception of steam turbines, — where work is done by the kinetic 
impulse of steam, — there are steam chambers which alternately 
expand and contract in volume, and this action usually takes placa 
through a more or less veiled reciprocation of working parts. So 
long as engines work at a moderate speed there is little advanta^ 
in avoiding reciprocation ; the alternate starting and stopping 
of piston and piston-rod does not affect materially the frictiona! 
efficiency, throws no deleterious strain on the Joints, and need 
not disturb the equilibrium of the machine as a whole. The case 
is diflerent when very high speeds are concerned ; it is then 
desirable as far as possible to limit the amount of reciprocating 
motion and to reduce the masses that partake in it, 

A comparatively recent example of the rotary type in which 
reciprocating njotion occurs only to a trifling extent ia the 
spherical engine of Mr Beauchamp Tower'. This engine was, like 
several of its predecessors*, based on the kinematic relations of 
the moving pieces in a Hooke's joint. Imagine a Hooke's joint, 

* Bee Faray'a TreatUe on the Suam-Engint, p. C7G. 

* A large Dambcr of propased mtuy CDgineH axe described, and Iheir kiDemltie 
teUtioiu (o one another are disanasBd, ia Heuleaui'a Kiiutaatict of ileeMmry, 
tranekted by Prot. Kennedj. 

' Ftoc. htit. Mech. Eng., Mareh 1886. 

* One of tiiese, the diak-engiiic of Biahop, was uaed for a time in the printi"g- 
ofilce of The Timet, but naa diB<:ardtjd in 1857. 
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connecting two shafts set obliquely to oae another, to be made up 
of a central disk to which the two shafts are hinged by semicircular 
plates, each plate working in a hinge which forms a diameter of the 
central disk, the two hingea being on opposite sides of the dbk and 
at right angles to one another. Further, let the disk and the 
hinged pieces be enclosed in a spherical chamber through whose 
walls the sharts project. As the shafts revolve each of the four 
spaces bounded by the disk, a hinged piece, and the chamber wall 
will suffer a periodic increase and diminution of volume, betweea 
limits which depend on the angle at which the shafts are set. la 
^^)b Tower's engine this arrangement is modified by using spherical 
^^^Btos, each nearly a quarter sphere, in place of semicircular plates, 
^^Hppie hinged pieces in which the shafts terminate. The shafts are 
HKat 135° to each other. Each of the four enclosed cavities then 
alters in volume from zero to a quarter sphere, back to zero, again 
to a quarter sphere, and again back to zero, in a complete revolu- 
tion of the shafts. In practice the central disk is a plate of some 
thickness, whose edge is kept steam-tight in the enclosing chamber 
by spring- packing, and the sectors are reduced to an extent corre- 
sponding to the thickness of the central disk. One shaft is a 
dummy and runs free, the other is the driving-shaft, Steam ia 
admitted and exhausted by ports in the spherical sectors, whose 
backs serve as revolving slide-valves. It is admitted to each 
cavity during the first part of each periodical increase of the 
cavity's volume. It is then cut off and allowed to expand as the 
cavity further enlarges, and is exhausted as the cavity contracts. 
If the working shaft, to which the driven mechanism serves as a 
fly-wheel, revolves uniformly, the dummy shaft is alternately 
accelerated and retarded. Apart from this, the only reciprocating 
motion is the small amount of oscillation which the comparatively 
light central disk undergoes. 

Another rotary engine of the Hooke's-joint family is Mr 
Fielding's, in which a gimbal-ring and four curved pistons take the 
place of the disk. Two curved pistons are fixed on each side of 
the girabal-ring, and as the shafts revolve these work in a corre- 
sponding pair of cavities, which may be called curved cylinders, 
fixed to each shaft. 
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239. Steam Turbines. A strictly rotary or non-reci] 
of engine ia found in the steam turbine, where 
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a wheel is produced either by impact of a jet upon rerolving 
blades, or by reaction from a jet of escaping steam, as in the 
leolipile of Hero (§ 2). In order that a revolving piece should 
extract, either by impulse or reaction, a respectable fraction of 
the kinetic energy of a steam jet, it must move with immense 
velocity. The Hon. C. A. Parsons, who has brought the steam 
turbine to so remarkable a level of efficiency that its perfonnanw 
rivals that of the beat piston and cylinder engines, has overcome 
this difficulty by making the action compound, in other words, he 
uses a series consisting of several seta of turbine wheels arranged 
80 that the steam acts on each in succession. After leaving the 
first set of turbine blades the steam passes through a set of fiied 
guide blades which direct it against the uest set of moving blatles, 
and so on, with the result that although only a small part of its 
energy is taken up by each set, the amount taken op by the 
whole series is large, and a high efficiency is secured without 
giving the turbine blades an excessive velocity. A single shaft 
carries all the turbines. In the original form of the Pareoiw 
turbine the wheels were of the central flow type ; in a later fcm 
the steam flows radially outwards through a series of rings of 
blades fixed on one face of each wheel. Between each ring and 
the next is a ring of fixed blades held in position on the faoe of id 
annular disk which projects inwards from the circumference of tbe 
case in which the turbines are enclosed. After struggling through 
the series of rings of blades on the first wheel, the steam paeua 
inwards over the back of that wheel to the central region of the 
next wheel, where again it struggles outwards through altensta 
rings of revolving turbine blades and fixed guide-blades. The 
action is repeated on wheel after wheel until the pressure of the 
steam is reduced to the value at which release is to occur, which 
may be as low as a good air-pump will produce in a condenser. 
The turbine ia therefore able to work as a condensing steam- 
engine, and does in fact realise the economic advantage of high 
expansion. In an example tested by the writer, when the output 
was at a rate approaching 150 effective horse-power, the steam 
was expanded from an absolute pressure of 115 lbs. per aquaW 
inch to 1 lb. per square inch, and the amount of steam which was 
used per horse-power hour was not more than it would have been 
in a first-class compound engine. 

Fig. 186 shows a portion of this turbine in crosa-eectaCAt 
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f-^iA,At are three of the revolving wheels or discs which carry the 

I turbine blades, B,B,B, are the corroaponding fiied rings which 

rarry the guide-blades. The guide-blades project towards the 

r^ht from the 6xed rings B, the turbine blades towards the left 




Fio. 186, SpotioB of part of 



from the moving discs A, and fixed and moving blades alike are 
of euch a height that there is verj- little clearance between their 
ends and the opposing disc or ring. Steam enters the turbine 
through a double-beat valve and first reaches the innermost ring 
of blades between Ai and Bi, Having acted on the successive 
rings of blades carried by Ai it returns towards the centre between 
the backs of A, and B,, to act in turn on the blades of A,, then on 
Af and so on. Id this example there were six discs A, each lo 
inches in diameter, and a seventh, the diameter of which was S 
inches, and the whole number of rings of turbine blades was 35. 
The blades are of brass, slightly curved, and set so that the 
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apertures between them are wider the further the steaio his 
expanded. The one-sided character of the discs would produce an 
end-thrust on the turbine shall, but this is balanced by a revolving 
dummy-piston C, which has a number of deep grooves on ils cir- 
cumference which are entered by corresponding annular projections 
on a fixed bush resembling the thrust-block of a marine propeller 
shaft. The high speed of the shaft (4800 revolutions per miunle 
in this instance) requires special forms of bearing and special 
means of lubrication to be adopted. The main bearings stand in 
a bath of oil, which is kept in constant circulation by means of t 
pump, and the bushes in which the shaft turns consist of sevenJ 
concentric sleeves fitting loosely over one another so that a film of 
oil may find its way between each sleeve and the one outside it 
This leaves the shaft some little freedom to adjust itself by lateral 
displacement, but at the same time the viscosity of the oil film 
acts as a powerful damper to prevent oscillations from being set 
up. One of these main bearings is contained in the oil-case D on 
the left of the figure. The speed va controlled by naaking tha 
admission of steam take place not continuously, but in gusts at 
regular intervals, the duration of each gust being automatically 
regulated (by means of a steam relay governor) to suit the demand 
for work. The gusts are produced by the periodic lifting and 
dropping of the double-beat valve shown in the figure. When the 
engine is working under its full load the gwsts become blended 
into an almost continuous blast. 

In the tests referred to above the turbine was used to drive a 
dynamo, the armature shaft of which was directly coupled to the 
turbine shaft. Trials were made at various grades of output 
ranging up to 137 electrical horse-power, the quantity of st«am 
used per hour being determined in relation to the electrical horee- 
power developed by the dynamo. The steam was superheated to 
a moderate extent by pas.'^ing through pipes in the boiler flaa 
The air-pump of the condenser was driven by a separate engine, 
whose consumption of steam is not included in the measuremeata. 
The following table gives some of the results, which are aleo 
shown in fig. 187, by means of curves drawn in the manna 
explained in § 145. It will he seen from this figure that th« 
" Willans line " for the steam turbine is very nearly straight, »ai 
that the rate of output may be reduced to one-half the (iill load, 
or less, with no more than a small increase in the consumptioo of 



If we take the net electrical output to represent say 75 
pec cent, of the work done by the steam — a proportion which 
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Pta. 187. BesulM of Steam Turbbe Trials. 
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^ iiJJ ronghly hold good in ordinary cases — the performance of 
A» unbine dynamo is equivalent at full load to that of an engine 
wemining leas than 16 lbs. of steam per indicated horse-power- 
IwQE. With so moderately high a steam-pressure as 100 Iba. this 
peffcnnance rivals the best examples quoted in Chapter V. The 
$00 lbs. or so of steam used per hour when the net electrical 
bone-power is zero is the quantity required to keep the turbiue 
shaft running at ita normal speed and to maintain the electrical 
output of the "exciting" dynamo, which is not included in Ue 
figures as part of the net electrical power. 

Id his most rceent turbines Mr Parsons has reverted to tha 
parallel flow type, which allows the construction to be considerably 
amplified and gives results which are at least equal to thoee 
obtained with radial flow. In the parallel flow turbines the re- 
volving portion is a drum with nogs of blades projecting btaa lit 
circumference. The blades are short pieces of rolled or d»«n 
bnw caulked into grooves turned on the drum. Between ench 
rii^ of blades and the next is a corresponding ring of iieA 
I which project inwards from the case within which ihe 
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Ik m. AnftnRemein ot Blades in Futons' Stetm Turbiue. 

fc IWMJIiw. Fig. ISS shows a short portion of two adjacent 

r- ^^-tvai blades and moving blades in the disposition in which 

' , respect to one another. The end thrust on ch» 

i by a revolving dummy as in the radial flow type- 

. of reciprocating parts gives steam turbines the 

(" frxuplote freedom from vibration. They have been 

I ^f^wd not only to the driving of dynamos, veoti' 

Mi^l other high-speed rotative machines, but kIm 
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ine propulsion. The screws of the experimental gteamer 
nia " (1S97) are carried directly on the shafts of three 
. flow turbioeB, forming a compound series in which steam 
tided from a presKure of 170 lbs. per square inch to about 
:r square inch. Each of the threo turbine drums carries 
number of rings of blades through which the steam passes 
ively. The aggregate horse-power of the combination is 
ilOO. The turbines weigh much less and take up much 
om than ordinary engines of the same power. Trials of 
urbinia " have shown that a phenomenally high speed was 
d with no greater consumption of steam than would have 
iquired to develope the same speed by means of triple- 
ion engines of the piston and cylinder type. Estimating 
wer from the resistance of the vessel, as determined by 
aenta with a model, it appears that the consumption of 
by the turbines was something less than 14^ lbs. per 
ower-hour. 

>ther type of steam turbine which has come into con- 
le use is the jet turbine of Be Laval, which resembles 
in wheel driven by eteam. A jet of steam from a nozzle 
ea against a ring of vanes or blades foiTaed on the cir- 
ence of a single disc-shaped wheel. The nozzle has a 
^t form which causes the steam to expand before it leaves 
juth, and so causes the pressure energy to be used up 
ng kinetic energy to the column before it is projected 
. the vanes. Fig. 189 shows how the jet is made to im- 




IS9. Jet tncl Dl&deB io De Laval'a Bteun Turbine. 



igainst the blades on one side, and allowed to escape on 
ler aide after doing its work. The expansion in the nozzle 
ied to atmospheric pressure if the steam escapes freely 
' the blades ; but by using an ejector condenser 
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the exhaust pipe the back pressure can be brought down to & 
value much below that of the atmosphere. In the larger axes 
of these turbines, as in large Felton wheels, several jets are used 
in place of one. 

To take fiiU advantage of the kinetic energy of the jet the 
speed of the blades has to be very high. They are strengthened 
by shrinking on a steel ring over their tips, which serves also 
as a cover t« prevent the ring of blades from acting as a cen- 
trifugal fan. In a 50 horse-power De Laval turbine the shaft 
makes 15000 revolutions per minute ; in the 5 horse-power sm 
it makes as many as 30000 revolutions. To permit of these high 
speeds the shaft is made flexible, and its speed is geared down 
by connecting it through helical teeth with a second-motion sh«A 
running at one-tenth of the speed. Trials of a turbine of thia 
type developing (with a condenser) 63 horse-power are reported 
to have shown an average steam consumption of 197 lbs. pa 
B.-H.-p.-hour. 

240. Marine En^lnei. Tlie early steamers were fitted with 
paddle-wheels, and the engines used to drive them were for the 
most part modified beam-engines. Bell's "Comet" (§ 21) was 
driven by a species of inverted beam-engine, and another form 
of inverted beam, known as the side-lever engine, was for long a 
&vourite with marine engineers. In the side-lever engine tha 
cylinder was vertical, and the piston-rod projected through the 
top. From a erosshead on the nxi a pair of links, one on each side 
of the cylinder, led down to the ends of a pair of horizontal beams 
or levers below, which oscillated about a fixed gudgeon at or neai 
the middle of their length. The two levers were joined at their 
other ends by a crosstail, from which a connecting rod was taken 
to the crank above. The side-lever engine is now obsolete. In 
American practice, engines of the beam type, with a braced-beam 
supported on A frames above the deck, are stil) found in river- 
steamers and coasters. 

An old form of direct-acting paddle-engine was the steeple- 
engine, in which the cylinder was set vertically below the crank. 
Two piston-rods projected through the top of the cylinder, one on 
each side of the shaft and of the crank. They were united by 
a erosshead sliding in vertical guides, and from this a return- 
connecting-rod led to the crank, 
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' Modern paddle-wheel engines are usually of one of the fol- 
iwing kinds. (1) In osciUating ci/linder engines the cylinders 
» set under the crank-shaft, and the piston-rods are directly 
innected to the cranks. The cylinders are supported on trunniooa 
^ch give them the necessary froedom of oscillation to follow the 
jovement of ths crank. Steam is admitted through the trunnions 
I slide-valves on the sides of the cylinders. In some instances 
le mean position of the cylindera is inclined instead of vertical ; 
kd oscillating engines have been arranged with one cylinder 
Bfore and another behind the shaft, both pistons working on one 
^k. The oscillating cylinder type is best adapted for what 
puld now be considered comparatively low pressures of steam. 
J) Diagonal engines are direct-acting engines of the ordinaiy 
Kmecting-rod type, with the cylinders fixed on an inclined bed 
id the guides sloping up towards the shatl. 

When the screw-propeller began to take the place of paddle- 
lieels in ocean-steamers, the increased speed which it required 
Bs at first supplied by using spur-wheel gearing in coDJunction 
ith one of the forms of engines then usual in paddle -steamera. 
iter a time types of engine better suited to the screw were 
ttroduced, and were driven fast enough to be connected directly 
t the screw-shaft. The smallness of the horizontal space on 
ither side of the shaft formed an obstacle to the use of horizontal 
l^gines, but this difficulty was overcome in several ways. In 
ton's trunk-engine, which was at one time a usual form in war 
essek, the engine was shortened by attaching the connecting-rod 
Erectly to the piston, and using a hollow piston-rod, called a 
^nk, large enough to allow the connecting-rod to oscillate inside 
y The trunk extended through both ends of the cylinder and 
Inned a guide for the piston. The trunk-engine had the draw- 
ick of requiring very large stuffing-boxes, of wasting cylinder 
jKtce, and of presenting a large surface of metal to alternate 
eating by steam and cooling by contact with the atmosphere. 

The return -connecting-rod engine was another horizontal form 
tso used LQ the navy. It was a steeple-engine placed horizon- 
klly, with two, and in some cases four, piston-rods in each 
flinder. The piston-rods passed clear of the shaft and the crank, 
pd were joined beyond it in a guided crosshead, from which a 
JDnecting-rod returned, 
^^dmaiy horizontal direct-acting engines with a short eti 



rOBMS OF THE STEAM-ENQISE. 

I and a short connectiDg-rod have also been used in war-«hips, 
where the horizontal was at one time generally preferred tc the 
vertical type of engine for the sake of keeping the machine^ 
below the water-line. In horizontal marine engines the air-pump 
and condenser are placed on the opposite side of the shaft frani 
the cylinder, which balances the weight and allows the ur-pnmp 
to be driven direct. 

In merchant ocean-steamers one genei'al type of engine a 
universal, and the same type is now adopted in naval praetkia 
This is the inverted vertical direct-acting engine. Its most usnl 
form has three cylinders set in line fore and aft above the shaft, 
working on cranks at 120° from one another, and employifig 
triple expansion. The mechanical advantage of three cranks in 
giving a nearly uniform turning moment with but little resultwit 
thrust against the shaft has had much to do with the general 
adoption of this Funn. A slide-valve serves, without any separate 
expansion valve, to control the distribution of steam in each 
cylinder, the cut-off being capable of variation by " notching lip' 
the link-motion or other reversing gear through which the slide- 
valve is operated. In most instances the cylinders are without 
steam-jackets. 

Surface condensation was introduced in marine practice by 
S, Hall in 1831, but was not brought into general use until much 
later. Previous to this it had been necessary, in onfer to avoid 
the accumulation of too dense brine in the boiler, to blow off 
a portion of the brine at short intervals and replace it by sea- 
water, a process which of course involved much waste of heat. 
By the use of surface condensers it became possible to use the 
same feed-water over and over again. The very freedom of the 
condensed water from dissolved mineral substances was for a time 
an obstacle to the adoption of surface condensers, for it was found 
that the boiler, no longer protected by a deposit of scale, became 
rapidly corroded through the action of acids formed by the de- 
composition of the lubricating oiL This objection was overcome 
by introducing a sufficient amount of salt water to allow some 
scale to form, and the use of surface condensers soon became 
universal on steamers plying in sea-water. The marine condenser 
consistsofanmltitudeoftubes.generally of brass, about J of an inch 
in diameter. Through these cold sea-water is made to circulate, 
while the steam is brought into contact with their outside surfaces. 
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In some cases, especially in Admiralty practice, cold water cir- 
calates outside the tubes and the steam passes inside. 

The ordinary marine engine has four pumps: — the air-pump, 
which is made large enough to serve in case injection instead of 
surface -condensation should at nny time be resorted to ; the feed- 
pump ; the circulating-pump, which maintains a current of sea-water 
through the tubes of the condenser; and the bilge-pump, which 
discharges any water that may gather by leakage or othe 
in the bilge of the ship. The pumps are so arranged that in the 
event of a serious leak the circulating-pump can also draw its 
supply from the bilge. In many engines, especially those of less 
recent construction, the four pumps are placed behind the con- 
denser, and are worked by a single crosshead driven by a lover, the 
other end of which is connected by a short link with one of the 
crossheads of the engine. It is now usual to have a small engine, 
distinct from the main engine, to drive the feed-pump, and the 
circulating water is often supplied by a centrifiigal or other pump 
also driven by a separate engine'. 

241. Relation of power to weight In Marine Enginei, 

Id the improvement of the marine engine two points have been 
particularly aimed at, — reduction in the rate of consumption of 
coal per horse-power, and reduction in the weight of the machine 
(comprising the engine proper and the boiler) per horse-power. 
The second consideration is in some cases of even more moment 
than the first, especially in war-ships. Progress has been made, in 
both respects, by increase of steam -pressure, and, in the second 
respect especially, by increase of piston speed. The gain in 
economy which came with rise in boiler pressure has been refeiTed 
to in § 21. As to the reduction in weight, Messrs Marshall and 
Weighton, in a paper dealing with this subject', have pointed out 
that before the introduction of triple expansion and forced draught 
the weight of engines in the mercantile marine, including the 

' On tlie geDSTsi subjeot or marine eneioea, Teferenco should be made t 
Mr A. E. Sealon's Manual of MariM Enninetring ; to Mr B. SeoticU's TreatU 
tm the Marine Sttam-Engine ; and to Mr W. H. Maw's i!«(ni PTaetic. 
EngineeriTig. For particulars of the ecgines aud boilers o[ modem war-veueU i( 
Uie paper bj Sir A. J. Durston referied to in § 31. 

■ Uarshall and WeigUton, Prac. Karth-Eait Coatt Iiut. Engini 
bviUfTt, 1886. 
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Iwilera and the water in them, was 480 lb. per L-H--P. In the 
navy this was reduced, chiefly by the use of lighter framing wilh 
the object of minimiziog weight, to 360 lb. Triple engines of the 
merchant type, without forced draught, are only slightly lighter 
than double engines; but in naval practice, Avhere forced draught, 
greatly increased speed, and the use of steel for frames and working 
parts have combined to reduce the ratio of weight to power, a 
marked reduction in weight is apparent. To quote examples, a set 
of vertical triple engines, which indicate 2200 H.-P. with natural 
draught, and 4000 H.-P. with a draught forced by pressure in 
the stokehole equal to 2 inches of water, weigh under the tatter 
condition (along with the boilers) only 155 lb, per 1.-H.-P. In 
another set, in which the draught is forced by a pressure of 
S inches, and the cylinders are only 15^, 24 and 37 inches in 
diameter, with a stroke of 16 inches, the indicated horee-power is 
4200, and the weight of engines and boilers is 136 lb. per i.-U,-P. 
In these the boilers are of the locomotive type, and the mean 
piston speed is 1066 feet per minute. Even these light weighta 
are surpassed in smaller engines, such as those of torpedo-boata 
In BO far as this large development of power from a small weight 
of machinery is due to high piston speed, it is secured without 
loss — indeed with some gain — of thermodynamic efficiency; forced 
draught, however, without a corresponding extension of the heating 
surface, leads to a less etBcient exijenditure of fuel. With a given 
type of engine there is a certain ratio of expansion which givea 
a minimum in the ratio of weight to power; when this ratio of 
expansion is exceeded the engines have to be enlarged to an extent 
that more than counterbalances the saving in boiler weight ; when 
a less ratio of expansion is used the boilers have to be enlarged 
to an extent that more than counterbalances the reduction of 
weight in the engine proper. 

The application of the steam turbine to marine propulsion 
makes ib practicable to reduce the weight of the motor to an 
extent much exceeding any reduction that has been achieved 
with pision and cylinder engines. The turbine engines of the 
"Turbinia," which develope 2100 horse-power, weigh (when taken 
alone) less than four tons, and the total weight of the machinery 
on that vessel, including along with the engines the boiler, 
condenser, water-tanks and all auxiliary mechanism, is 22 tons, 
which is only 24 Iba per horse-power. The exceptional latiAiflfij 
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flower to weight in this instance ts duo partly to the lightness 
yt the turbines as compared with ordinary engines and partly 
to the use of a severe forced draught with a water-tube boiler. 
The draught was produced by a fan on one of the turbine ahafts 
blowing air into the stokehole under a pressure of about 8 Inchea 
by water-gauge. 

242. LocomotiTei. The ordinary locomotive consists of a 
pair of direct-acting horizontal or nearly horizontal engines, fixed 
in a rigid fi-ame under the front end of a boiler of the type 
described in § 221, and coupled to the same shaft by cranks at 
right angles, each with a single slide-valve worked by a link- 
motion, or by a form of radial gear. The engine is non-condenaing, 
eicept in special cases, and the exhaust steam, delivered at the 
base of the funnel through a blast-pipe, serves to produce a 
draught of aJr through the furnace. In some instances a portion 
t£ the exhaust steam, amounting to about one-fitth of the whole, is 
diverted to heat the feed-water. In tank engines the feed-water 
Ib carried in tanks od the engine itself; in other engines it is 
Carried behind in a tender. 

On the shaft are a pair of driving-wheels, whose frictional 
ftdhesion to the rails furnishes the necessary tractive force, In 
■ome engines there is a single pair of driving-wheels; in many 
ptore a greater tractive force is secured by having two equal 
driving-wheels on each side, connected by a coupling-rod between 
pins on the outside of the wheels. In goods engines a still greater 
proportion of the whole weight is utili2ed to give tractive force by 
coupling three and even four wheels on each side. These arrange- 
ments are distinguished by the terms "four-coupled," "six-coupled," 
hnd "eight-coupled" applied to the engines. In inside-cylinder 
engines the cylinders are placed aide by side within the frame of 
Ihe engine, and their connecting-rods work on cranks in the 
driving shaft. In outside-cylinder engines the cylinders are spread 
jltpart far enough to lie outside the frame of the engine, and to 
work on crank-pins on the outsides of the driving-wheels. This 
dispenses with the cranked axle, which is apt to be the weakest 
part of a locomotive engine. Owing to the frequent alternations of 
rain to which it is subject, a locomotive crank -axle is peculiarly 
ible to rupture, and has to be removed after a certain amr 
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In some locomotives the leading wheels are coupled to driving- 
wheels behind them, but it is now generally preferred to have 
under the front of the engine two or four smaller wheels which di> 
not form part of the driving system. These are carried in a bogie, 
that is, a small truck upon which the &OQt end of the &ame rests 
t by a swivel-pin or plate which allows the bogie to turn, so as bo 
iiftdapt itself to curves in the line, and thus obviate the grinding of 
K tyres aad danger of derailment which would be caused by usbga 
■loug rigid wheel-base. The bogie appears to have been uf EogUah 
I origin' ; it was brought into general use in America, and is now 
1 common in English as well as in American practice. Instead of a 
I fbur-wheeltid bogie, a single pair of leading wheels are also used, 
I carried by a Bissel poni/ truck, which has a swing-bolster pivotwl 
by a radius bar about a point some distance behind the axis of the 
wheels. This has the advantage of combining lateral with radial 
movement of the wheels, both being required if the wheel-base is 
IfO be properly accommodated to the curve. Another method of 
getting lateral and radial freedom is the plan used by Mr Webb of 
carrying the leading axle in a box curved to the arc of a circle, 
and free to slide laterally for a short distance, under the control of 
springs, in curved guides'. 

In inside-cylinder engines the slide-valves are frequently 
placed back to back in a single valve-chest between the cylinders. 
[ The width of the engine within the frame leaves little room for 
' them there, and they are reduced to the flattest possible form, in 
a with split ports, half above and half below a partition 
in a central horizontal plane. In a few engines the valves are 
below the cylinders, with faces sloping down towards the front, 
while the cylinders themselves slope slightly up. In many more 
the valves work on horizontal planes above the cylinders; this 
position is specially suitable when Joy's or some other form of 
radial gear is used instead of the link-motion. Badial valve-geara 
have the advantage, which is of considerable moment in inside- 
cylinder engines, that the part of the crank-shaft'a length which 
would otherwise be needed for eccentrics is available to increase 
the width of main bearings and crank-pins, and to strengthen the 
crank-cheeks. Walshaert's gear is very exteosively used on Con- 
tinental locomotives, and Joy's has been applied to a large number 
of British engines. 

' ilin. Froe. Xnit. C. E., vol. liu. p. 60. ' Froo. fMl. Mieh. Eitg., 
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The outsi de-cylinder type is adopted by several British maki 
in America it is universal. There the two castings which ronn' 
the cylinders are bolted together to make a saddle oa which the 
bottom of the Bmoke-box sits. The slide-valves are oa the tops 
of the cylinders, and are worked throagh rocking levers from an 
ordinary link-motioo. I 

213. Compound IiocomotlTei. Locomotive engines haw 
been compounded in several ways ; but it is still an open question 
whether the application of compound working to locomotives 
offers any distinct advantage, when regard is had to <K)nvenience 
in driving and cost of repairs as well as to economy in fiiel. 

In 1876 Mr A. Mallet introduced, on the Bayonne end Biarritz 
Railway, a type of compound locomotive in which one small 
high-prcBsure cylinder and one Jarge low-pressure cylinder were 
used ID place of the two equal cylinders of a common locomotive. 
Outside cyiindora were used in the first instance, but Mallet'* 
system is also applied to inside-cylinder engines. The pipe fmad 
the high to the low-pressure cylinder takes a winding coutbh 
through the smoke-bos ; this gives it a sufficient capacity to serv*' 
aa intermediate receiver, and also dries the steam before it enters 
the large cylinder, A reducing valve is provided through which 
steam of a pressure lower than that of the boiler cam be admitted 
direct to the low-pressure cylinder to facilitate starting. 
reversing gear is arranged to act on both cylinders by one mov( 
ment, and also to permit a separate adjustment of the cut-off 
each. Engines on Mallet's system have been successfully ui 
on other Continental railways aad in India, in some instances 
conversion from the non-compound form. His plan has the 
advantage of permitting this conversion to be made (in certain 
cases), and of requiring scarcely any more working parts than are 
needed in a common locomotive; but it gives an unsymmetrical 
engine. He has also proposed an engine with four cylinders, — 
one high-pressure cylinder tandem with one low-pressure cylinder 
on each side. Another symmetrical form has been used, in which 
a pair of outside high-pressure cylinders are compounded with 
pair of inside low-pressure cylinders. In England, on the Noi 
Eaatern Railway, Mr T. W. Worsdell has made extensive use 
compound engines, employing two cylinders only which st 
side by side inside the frame with valves on the top worked 
Joy's gear. In America the Baldwin company use a pair 
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iiOompound cylinders od eocli side of the engine ; the eytindeis 
directly above the other, and their volume raUo it 
three to one. 

The most important experiment yet made in this directioii 
that which Mr F. W. Webb, of the London and NorUi- 

iWeatern Railway, has been conducting on a large bc^ nnce 
In Mr Webb's system three cylinders are used. Two 

«quBl high-pressure cylinders are fixed outside the frames, anl 
drive the rear driving axle by crank-pins set at right angles to 
one another. A single low-pressure cylinder of very large size 
is placed beneath the smoke-box, and drives a crank in the mid^lle 
of the forward driving axle. The driving axles are not coupled, 
and the phase-relation of the low-pressure to the high-pressure 
stroke ia liable to alter through unequal slip on the part of the 
wheels. This, however, is of no material consequence, on account 
of the large size of the intermediate receiver and the uniformity 
with which the two high-preasure cylinders deliver steam to it 
The receiver is fonned, as in Mr Mallet's arrangement, by leading 
long connecting pipes through the smoke-box. All three slide- 
valves are worked by Joy's gear. Those of the low-preasoie 
cylinders are placed below the cylinders (an arrangement which 
has the advantage of letting the valve fall away from the port- 
lace when the engine ia running down-hill with the steam-valve 
closed); the valve of the largo cylinder is above it. The design 
is completely symmetrical; it has the important mechanical ad- 
vantage of dispensing with coupling rods, while retaining the 
greater tractive power of four drivers; only one axle is cranked, 
and that with a single crank in the centre, which leaves ample 
loom for long bearings. 

244. Tramway and Road LocomotiveB. Tramway loco- 
motives for the most part resemble railway locomotives in the 
general features of their design. The boiler is of the usual 
locomotive type. A pair of cylinders in front, either inside or 
outside the frames, are connected directly to the hindmost of two 
coupled driving axles. Owing to the smallness of the driving- 
wheels the axles lie near the road, and the cylinders are set sloping 
at a considerable angle upwards away from the cranks to keep 
them clear of dirt. To prevent the discharge of steam into the 
atmosphere, the exhaust steam is olten led into an atmospheric 
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condenser, consisting of a large number of pipes placed on 
the top of the engine, and exposed to free contact with the air. 
In some instances the common locomotive type is widely departed 
from : a mixed vertical and horizontal boiler is used, and the engine 
is connected to the driving axle by worm-wheel or other gear, or 
by a rocking lever between the connecting-rod and the crank'. 

In the "fireless" tramway locomotive of Mr Leon Francq, 
a reservoir which takes the place of an ordinary boiler ia 
charged at the beginning of the journey with water heated under 
pressure by injecting steam from stationary boilers at a pressure 
of 15 atmospheres. The thermal capacity of the water is sufficient 
— without further addition of heat — to supply steam to the 
engine during the journey, at a pressure which gradually falls 
off*. The system has not come into general use. 

Several forms of tramway engine have been devised in 
which the motive power is supplied by compressed air'. In the 
Mekarski system the compressed air, on its way from the reservoir 
to the cylinders, passes through a vessel containing hot water and 
steam under pressure (charged, as in Francq 's system, by injecting 
steam at a station). In this way the air is heated, and may then 
expand in the cylinder without having its temperature lowered to 
an objectionable degree. 

Steam road-locomotives or traction-engines have usually a 
boiler of the locomotive type, with a cylinder or compound pair 
of founders, generally on the top, driving a shaft from which 
motion is taken by a gearing chain or spur-wheels to a single 
driving axle at the fire-box end. The engine is steered by means 
of a leading asJe, whose direction is controlled by a hand-wheel 
and chain-gear. To facilitate rapid turning the driving-wheels 
are connected to their axle by a differential or compensating gear 
which allows them to revolve at different speeds. This is a set 
of four bevel-wheels like White's dynamometer coupling: the 
outside bevel-wheels are attached to the driving-wheels; the 
intermediate ones, which gear with these, turn in bearings in a 
revolving wheel driven by the engine. So long as both driving- 
wheels are equally resisted both are driven at the same speed, but 
if one is retarded (as the inner wheel is in going round a curve) it 



• B«e Win. Prof. InMl. O. E., To!, i 
' Prne. Intt. Mteh. Eng., 1879. 
■ Proc. Iiut. Meeh. Eng., IBTS, 188 
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mt as a fulcrum to the bevel gear, and the other 
■ • greater share of the motion. 
Jin important feature in traction-engines is the elasticity of 
tbe driving-wheels. Many devices have been employed, partly to 
gire the wheels an extended tread, or arc of contact with the 
groond, and partly to avoid shocks in passing over rough gronnd'. 
In some designs the rims have been made elastic, as In 
Mr B. W. Thomson's road steamer, where each wheel had a 
tfaiclc tyre of india-rubber, protected on the outside by an armour 
of tonall plates. The earliest pneumatic t>Te was invented \>y 
Mr Thomson in 184o for use on vehicles of this class. In other 
rxamples the spokes have had the form of springs allowing the 
utle to take an eccentric position. In others still the framework 
of the wheel is nearly rigid, but the circumference is filled with 
l)laok8 of wood which are held in cells with an elastic pod behind 
eadi, so that each block in turn is pushed in when it becomes 
part of the surface over which the weight is distributed, and the 
trt»d of the wheel is consequently enlarged. 

The Serpollct steam carriage is an interesting form which has 
had conwderable vogue in France for use both on roads and on 
tramways. Its distinctive feature is the steam generator, which 
consists of ft group of comiwiratively thick steel tubes, partially 
Battened to reduce the bore. The furnace keeps these at a high 
lempemture, and steam is formed as it is wanted by pumping in a 
sniall quantity of water at a time, which is immediately eva- 
noiated and superheated by taking up heat from the substance 
(if the tabea. The generation of steam is governed by controlling 
t]te feed- When the feed is too rapid steam accumulates in the 
^gOy and raises the pressure beyond its normal limit. Thii 
^^u » by-pass to open which diverts a portion of the feed- 
«HIB from entering the boiler. 
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24S. Air-engines with external or internal combustion. 

Tie term Air-engine may be used in a restricted sense to denote 
«ii engine in which the working substance is atmospheric air, but 
it may with advantage be extended to apply to any heat-engine 
which employs a gaseous working subatance, as distinguished from 
a vapour which becomes condensed during some part of the cycle 
of operations. In this more extended sense the term would in- 
clude engines in which the working substance is the mixed gas 
resulting from the combustion of fuel, whether gaseous, liquid or 
solid, within the engine itself. In other words, it would include 
gas-engines and oil-engines. These will be more particularly con- 
sidered in the next chapter, but some of the remarks which follow, 
relating to air-engines in general, apply to them as well as to 
engines using atmospheric air. 

When air alone forms the working substance, it receives heat 
from an external furnace by conduction through the walls of a 
containing vessel, just as the working Bubstance in the steam- 
engine takes in heat through the shell of the boiler. An engine 
supplied with heat in this way may be called an exterrial-com- 
buation engine, to distinguish it from the very important class of 
engines in which the combustion which supplies heat occurs within 
a closed chamber containing the working substance. The ordinary 
coal-gae explosive engine is the most common type of intemul- 
combuetion engine. 

Compared with engines using saturated steam, engines using 
air or other gases have the advantage that the temperature and 
the pressure of the working su —a ' ' ident of one 
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another. In the a team -engine, and in any other heat-engine in 

* which the working substance is a saturated vapour, the upper limit 

I of temperature is comparatively low in consequence of the higll 

pressure with which high temperature is, in such ca^es, necessarily 

. associated. But in an air or gas-engine it becomes possible to HH 

' an upper limit of temperature greatly higher than the limit in the 

ordinary steam-engine, and if the lower limit is not correspondingly 

raised an increase of thermodynamic efficiency results. It ia tme 

that the upper limit of temperature may be raised in the case of 

steam, by superheating; but even when the amount of sofec- 

heating is exceptionally great a steana-engine continues to take in 

the greater part of its supply of heat at the comparatiTely low 

temperature at which the feed-water is converted into steam, and 

the direct thermodynamic advantage is consequently small. 

So long as external combustion is used, there must stiQ k 
some considerable drop in temperature, of an irreversible tnd 
therefore wasteful kind, between the temperature which is pro 
duced by combustion in the furnace, and the temperature at which 
the working air receives its heat, since without this no sufficiently 
rapid conduction of heat through the walls of the heater could 
occur. Internal-combustioa engines have the advantage that the 
temperature which is produced in the combustion is itself iht 
[ upper limit in the thermodynamic cycle. 

246. Air-engine using Camot'a cycle. A simple, thenso- 

dynamicully perfect form of external -combustion air-engine yro\M 
be one following Camot's cycle, in which heat is received whil* 
the air is at the highest temperature t,, the air meonwlih 
expanding isothermally. After this the supply of beat is stoppei 
and the air is allowed to expand adiabatically until its tempentun 
falls to the lower extreme t,. At this it is compressed isothe^ 
mally, giving out heat, and finally the cycle is completed by 
odiahatic compression, which restores the initial high temperatan 
T|. The indicator diagram for this cycle has been sketched in 
fig. 12, § 41, Practically, this action would be attended l^ ti« 
serious drawback that the volume to be swept through by iJie 
piston would be very great in relation to the work done. The 
inclination of adiabatic to isothermal curves for a gas is slighti 
and hence the area of the diagram, or the eflfective work done per 
revolution, is small in comparison with the two quantities of which 
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: difference, namely, the work done by the substance during 
rard stroke and the work spent upon it during the backward 
An air-engine using Camot'a cycle would consequently be 
■ely bulky and mechanically inefficient. 

External CombuBtion Alr-englne with Regeoera- 
itirling'i Air-engine. This objection is much lessened 
.be use of a regenerator (§ 51) is substituted for the 
ic steps of the Carnot cycle. In Stirling's engine, whei'e 
enerator was first used, the working substance was cooled 
16 upper limit t, to the lower limit t, by passing in one 
n through a regenerator, which stored the heat it extracted 
e gas in such a way that when the gas was passed through 
enerator in the opposite direction the heat was agaio taken 
I the temperature consequently rose from t, to Ti, The 
f operations has been described in § 52, and an ideal 
jr diagram has been sketched in fig. 13. 
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Several fomiB of engines were deaigned by Stirling in wbich 
the action approximated to the cycle of § 52. The characteristic 
parts of one of them are shown in Bcction in fig. 190. A is the 
heater, a closed iron vessel containing air, externally heated b}' a 
furnace beneath it. A pipe from the top of A leads to the 
working cylinder S. At the top of j1 is a cooler C, consiating 
of pipes through which cold water circulates. In A there is b 
displftcer plunger D, which is driven by the engine ; when this is 
raised the air in A is in the lower part of the vessel and is con- 
Bequently takiug in heat from the fiimace, whereas when D is 
lowered the air in A is transferred from the lower to the appw 
part and is thereby brought into contact with the refrigerator. 
On its way from the bottom to the top of A, or from the topW 
the bottom, the air must pass through an annular lining of vile- 
gauze E. This is the regenerator, and the air in passing up 
through it becomes cooled, and in passing down again throogb 
it becomes heated. At the beginning of the cycle D is at or near 
its highest position. The air is then receiving heat at temperaturt 
T,, and is expanding isothermal ly ; this is the first stage in l^i- 
Then the plunger D descends. The air is driven through the 
regenerator, where it deposits heat, and its temperature m 
emerging at the top is t,. Next, the working-piston makes its 
down-stroke (in the actual engine the working cylinder «« 
double-acting, another heating vessel, precisely like A, hfas^ 
connected with the cylinder B above the piston); this compnfseB 
the air isothermally, the heat produced by conipressios b^ 
taken up by the cooler C. Finally the plunger is raised, and 
the working air again passes down through the regenerator, 
taking up the heat it left there, and rising in temperature to Tj. 

The actual forms in which Stirling's engine was used sw 
described in two patents by R. & J. Stirling (1827 and ISiO'l 
An important feature in them was that the air was compressed bj 
means of a pump which formed an additional organ of the engine, 
so that its average pressure was kept much above that of the 
atmosphere, Stirling's cycle is theoretically perfect whatever bf 
the density of the working air, and the use of compression does 
not increase what may be called the theoretical thermodynamic 

' The 1827 patent is reproduoed in Fifleming Jenkin's Le«tiiTe on Om •»* 
Caloria EDgioes, /nil. Civ. Eng.. Heat Lectures. 1S83-84. See also Min, tttb 
iJUt. C. E., 1B46 and 185*. "^ 
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efficieucy. It does, however, very greatly increase the mechanical 
efficiency, and also, what is of Bpecial importance, it increases the 
aniotuit of power developed by an engine of given size. To see 
this it is sufficient to consider that with compressed air a greater 
amouDt of heat is dealt with in each stroke of the engine, and 
therefore a greater amount of work is done. Practically the use of 
compressed air also increases the thermodynamic efficiency by 
reducing the ratio of the heat wasted by external conduction and 
radiation to the whole heat. 

A double-acting Stirling engine of 50 l.-H.-P., used in 1843 at \ 
the Dundee foundry, appears to have realized an efficiency of 0'3, 
and, notwithstanding very inadequate means of heating the air 
it consumed only 17 lb. of coal per i.-H.-p.-hour'. This engine 
remained at work for three years, but was finally abandoned on 
account of the failure of the heating vessels. In one form of 
the engine aa described in Stirling's patent the regenerator was a 
separate vessel ; in another the plunger B was itself constructed 
to serve as regenerator by filling it with wiie-gauze and leaving 
holes at top and bottom for the passage of the air through it. 

248. Erlcason'i Air-engine. Another mode of using the 
regenerator was introduced in America by Ericsson, in an engine 
which also failed, partly because the heating surfaces became 
humt, and partly because their area was insufficient. In Ericsson's 
engine, which was tried on a considerable scale on the steam-ship 
" Caloric," the temperature of the working substance was changed 
by passing through the regenerator while the pressure remained 
conalaot. Cold air was compressed by a pump into a receiver, 
from which it passed through a regenerator into the working 
cylinder. In so passing it absorbed heat from the regenerator 
and expanded. The air in the cylinder was then allowed to 
expand further by taking in heat from a furnace under the 
cylinder until its pressure fell to near that of the atmosphere. 
The cycle was completed by the discharge of the air through the 
regenerator. The indicator diagram approximates to a form 
bounded by two isothermals and two lines of constant pressure'. 

> Sm Bankine'B Sttata-Engim, p. 3€T- The ooninmption per brake b 
much greater. 

■ For a diagram or Eria&BaQ'a eDsinu see Itankiae'B Sleam-Engiru, or Pr 
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249. Modem Alr-engioes of the Stirling type. Exter- 

naliy-heatcd air-engines ai-e now employed cin\y for very small 
powers — from a fraction of 1 H.-P. up to about 3 H.-P, Powerful 
engines of this type are scarcely practicable, partly on accouat of 
the relatively enormous bulk they would have and partly oa 
account of the difficulty which would be experienced in the 
heating of large quantities of air. By keeping the working sub- 
stance highly compressed, giving it a mean density much in excess 
of that of atmospheric air, the bulk of the working cylinder oud 
displacer might be reduced, but the difficulty would remain of 
getting enough heating surface and of preserving the heater from 
being burnt through its exposure to oxygen at a high temperature. 
The small engines of this type that are now mauufactured 
resemble the original Stirling engine very closely in the main 
features of their action, and comprise essentially the same organs. ._^ 
One of these modern Stirling engines is the small domesti( 
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>otoF manufactured under the patents of Mr H. KobinsoQ (fig. 191 ). 
'l this case there ia no compressing pump and the mean pressure 
**f the working air is equal to the pressure of the atmosphere, 
_-^oe range of pressure is alight — so slight indeed that no packing 
*^ needed in the piston or other working parts — and the eugine 
*levelope8 only a fraction of one horse-power. 

A is the heater and displacer cylinder; B ia the working 
*^ylinder, which corarauuicates with ^ by a passage B. A ia 
■leated externally by a small coke fire at C or by a gas flame 
«*"»jm a fiunsen burner. The displacer E takes its motion from a 
»X>cking lever F connected by a short link to the crank-pin, and ia 
H"bout 90° in phase ahead of the working piston. In the figure the 
displacer is at the bottom of Its stroke and the piston has still 
half the back stroke to perform. The displacer E is itself the 
regenerator, its construction being such that the air passes up and 
<)owa through it as in one of the original Stirling forms. On the 
t.op of the displacer cylinder ia a water vessel 6, which is the 
Cooler, and this is kept in communication with the circulating 
"Water tank H, The account which has already been given of the 
Stirling cycle will serve as a deacription of the action in this 
engine. A conspicuous feature is that there are neither valves, 
packing, nor glands; but the absence of compression, which makes 
this possible, limits the efficiency of the engine as well as its power. 
A larger engine of the Stirling type, working up to some 
3 horae-power, is made by Messrs Bailey, of Salford. Another, the 
Rider engine, made by Messrs Hayward and Tyler, follows sub- 
stantially but not exactly the Stirling cycle. A sectional view of 
this engine ia given in fig. 192. A and B are two cylinders, 

^open at the top, with plunger pistons C and D, which are connected 
to cranks nearly at right angles. Between the two is the re- 
generator H. Round the lower part of C is the cooler E, a 
jacket through which cold water is kept circulating. Under the 
lower part of S is the furnace F which heats the air contained in 
the space G below the plunger D. In the position shown in the 
figure, D is rising, and C is just beginning to rise. Nearly all the 

L working air has been compressed into and is expanding as it 
takes in heat, doing work against the plunger D ""■ »ilso against 
C By the time D reaches the top of its stro' 
way up : air is passing rapidly through the r 
the space under U, and is cooled first by 
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«-jacket S. Aa D cornea down thii^ tranafer of the air 
od the preasore Mis. Then C follows, comprmng 




Fill. in. Bider'a Hot Aii Engine. 



• beneath it while the cooler E abaorbs the heat, acA 
t forcing all the working air back through the regenerate 
into the heater, when the cycle begins again. The maxitniiiD 
|Mviwure reached during the cycle is about 20 lbs. per sq. inch. 

Tho action is of course continuous, but we may broadlf 
UiMiu^iii^h the following four stages : 

^1) The air, previously conipresijed to a small volume (io &)i 
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in heat at its highest temperature and expands, duing work 
Etad subsequently to some extent on 0, 
) After this expansion it is transferred through the regene- 
to the cold cylinder A, storing heat in the regenerator and 
' pressure. During this process little work is done on or hy 
ir, since the actions on the plungers nearly balance. In 

words, the volume does not materially change. 
) Tbe air which is now in A, expanded to large bulk and at 

temperature, is compressed by the descent of C and gives 
teat to the cooler E. During this process work is done 

the air by the fly-wheel. 

) The compressed air is transferred through the regenerator 

rising in temperature and pressure. In this process, again, 

work is done by or on the air. 

lis engine differs from the pure Stirling type chiefly in having 
jiacer which is also a working piston. The Rider engine ia 
y used to pump water for domestic supply, and the cooling 
b E is kept cold by making the water which tbe engine 
6 circulate through it. 

KX Internal Combuitfon Air<engines. The difficulty 

iy referred to of getting heat into and out of a gaseous 
ng sulistance ia a fundamental objection which has prevented 
xtemal-combustion air-engine from coming into use on any 
scale. Tbe activity of a heating surface is vastly greater 
the substance that is being heated is changing its state from 
I to vapour than when the substance is already a gas. And 
irly a gas that is being cooled by conduction through a 
;e will part with its heat lar less readily than a vapour which 
ng condensed in the process. 

bia objection applies when the air-engine is of the extemal- 
ustion type, but ao far as the heating process is concerned it 
noved by causing the combustion to occur within the engine 
So far as cooling is concerned the difficulty also disappears 
the substance which is to reject heat is expelled to the 
iphero instead of being used over again after cooling. Hence 
I been possible for the internal combustion engine to attain 
ch greater efficiency. 

be earliest practical example of the internal combustion 
'^ve leave guns out of account) apj>eai:s to have been the 
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I of Sir George Cmjiej*, of whiiA Wenham's* and 
I are recent farms. la these engines ooal or 
■der pteaanre in a dosed chamber, to wbicb the 
9 of air-lock. Air for combustion is 
t hf » eu mpn wHD g pamp, aad the eogioe is goTerned 
fegi MMBC cf » diBbibating valve which snppliea a greater or len 
fmiftKtkm of the air below the fire as the engioe raos dow or 
feab The piodocts of combiistioo, whose volame is increased b; 
tfaar BM in temperature, pass into a w(»kiag cjlinijer, raising 
tbe pistoD. When a certain fraction of the strolte is over the 
aopplf of hot gsA is stopped, and the gases in the cjrlinder eipeod, 
J more work and becoming redaced in temperatnra Duiiii^ 
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Bection of the Buckett engine. A is the working piston, the form 
of which ia such as to protect the tight sliding surface (at the top) 
from contact with the hot gasea ; B is the corapresaing pump, and 
C is the valve by which the governor regulates the rate at which 
fnel is consumed by admitting more or less of the air under 
the grate through the channel F. D is the air-lock and hopper 
through which fuel is supplied, and E is the exhaust valve 
through which the products of combustion are finally expelled. 

In engines of this class the degree to which the action is- 
therm odyn am ically efficient depends very largely on the amount, 
of cooling the gases undergo by adiabatic or nearly adiabatic 
expansion under the working piston. Without a large ratio of 
expansion the thermodynamic advantage of a high initial tempe- 
rature 18 lost. In any kind of internal-oombustion engine the 
gases have to be discharged at atmospheric pressure, and con- 
sequently a large ratio of expansion is possible only when there ia 
much initial compression. Compression is therefore an essential 
condition, without which a heat-engine of this type cannot be 
made efficient. It is also, as has already been pointed out, an 
essential feature in any air-engine which is to develope a fair. 
amount of power without escoaaive bulk. 

Internal -combustion engines using solid fuel have hitherto 
been but little used, and that only for small powers. But the use 
of liquid and especially of gaseous fuel has given the internal- 
combustion engine a position of great and conatantly increasing 
importance. Gaa-enginea, that ia to say, engines acting by the 
combustion or explosion of a mixture of air and a combustible gas 
have in recent years entered into aeiious competition with the 
steam-engine. In most of these the fuel is orflinary coal-gas ; it 
may however be a cheaper combustible gas, such as that produced 
by Mr Dowson'a process; and in a number of modem examples of 
the iDtemal-ccnibustion engine the fuel is petroleum, generally 
vaporised before its admission to the cylinder in which com- 
bustion is to occur. Some of these forms will be considered mora^ 
particniarly in the nest chapter. 
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GAS-ENGINES AND OIL-ENGINES. 

251. Early Ckui-englnes. Iienoir. The first gaB-eDgine 
to be brought into practical use was that of Lenoir (1860)^ 
During the early part of the stroke air and gas, in proportioos 
suitable for combustion, were drawn into the cylinder. At about 
half-stroke the inlet valve closed, and the mixture was imme- 
diately exploded by an electric spark. The heated products of 
combustion then did work on the piston by expanding daring 
the remainder of the forward stroke, and were expelled daring 
the back stroke. The engine was double^ting, and the cylinder 
was prevented from becoming excessively heated by a casing 
through which water was kept circulating. This water-jacket 
is a feature that has been retained in nearly all later gas-enginetib 
In Lenoir's engine every stroke was active, two explosions taking 
place per revolution, one on each side of the piston. 

An indicator diagram from a Lenoir engine is shown in 
fig. 194'. After the explosion the line fedls, partly firom expansion, 
and partly from the cooling action 
of the cylinder walls ; on the other 
hand, its level is to some extent 
maintained by the phenomenon of 

after-burning, which will be dis- pio. 194. Wir Engine Di«gr«n. 
cussed later. Li this engine, chiefly 

because there was no compression of the explosive mixture before 
it was ignited, the heat removed by the water-jacket bore an 

^ For a fuU accoant of the early histozy of fhe gas-engine as well as for 
deBoriptions of nomeroas modem forms see Donkin's Text-book of Oa*, Oil^ and 
Air-engififi, Also Witz, TraiU dfn moteuri h Qat et 2t PitroU. 

> Slade, Journ, Franklin ItuL 1866. 
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sceedingly large proportion to the whole heat. The eOSciency 
■as comparatively low both on this account and OQ account of the 
imited range through which the heated products of combustion 
'ere allowed to expand. About 95 cubic feet of gas were used 
er horse-power-hour, which is four or five times as much as a 
food modern gas-engine consumes. Hugon's engine, introduced 
ive years later, was a non- compressive engine very similar to 
jenoir's. A novel feature in it was the injection of a jet of cold 
rater to keep the cylinder from becoming too hot. These engines 
now obsolete; the type they belonged to, in which the 
nixture is not compressed before explosion, is now represented by 
one small engine — BiachoETs — the mechanical simplicity of which 
itones for its comparatively wasteful action in certain cases where 
bat little power is required. 

!52. Otto and Xaangen'i Atmospheric Qaj-engliie. 
In 1866 Otto and Langen introduced a curious engine', which, 
to economy of gas, was distinctly superior to its predecessors. 
Like them it did not use compression. The explosion occurred 
early in the stroke, in a vertical cylinder, under a piston which 
was free to rise without doing work on the engine shaft. The 
piston rose with great velocity, so that the expansion was much 
more nearly adiabatic than in earlier engines, and the ratio of 
expansion was greater. After the piston had reached the top 
of its range the gases became further cooled by giving up heat 
to the walls of the cylinder, and, their pressure being below that 
of the atmosphere, the piston came down, this time in gear with 
the shaft, and doing work upon it, The burnt gases were dis- 
charged during the last part of the down-stroke, A friction- 
coupling allowed the piston to be automatically thrown out of 
gear with the shaft when rising, and into gear when descending. 
This " atmospheric " gas-engine used about 40 cubic feet of gas 
per horse-power- hour, and came into somewhat extensive use in 
Bpite of its noisy and spasmodic action. After a few years it 
displaced by a greatly improved type, in which the direct 
action of Lenoir's engine was restored, but the gases were com- 
pressed before ignition. 

263. The four-atroke cycle of Bean de Rochits and 

Otto. The advantage of compressing the explosive mixture 
1 Froc. Init. ileeh. Eng., 1876. 
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before igniting it in order to make the subsequent expansion large, 
appears to hare been first clearly recognised by Beau de Rochasin 
a French patent of 1862. He pointed out that compression might 
be carried to any extent short of that which would cause the 
mixed gas to explode in consequence of its elevation of tempera- 
ture. He further suggested a means of compressing the explosive 
mixture without using a separate compressing pump. His plan 
was to have the following four operations take place, on one side 
of the working piston, during four aaccessive strokes or two rero- 
lutions of the crank-shaft. 

e(l) ■ Drawing in the chaise of gas and air during one whole 
stroke of the piston. 
(2) Compression during the return stroke (into a compara- 
tively large clearance spaco below the piston). 
(3) Ignition at the dead point, followed by expansion dtniDg 
the third stroke. 
(4) Dischai^ of the burnt gases from the cylinder during 
the fourth and last stroke. 
This was the earliest account of the "four-stroke" cycle of 
operations which is now used in almost all gas-engines.' Beau 
de Rochas further pointed out that, besides compression, high 
speed and small cylinder surface were conditions to be aimed 
at as favourable to economy. Extremely valuable as were the 
suggestions contained in his patent they were for a long time 
unproductive. It was not till 1870 that Dr Otto, who had re- 
invented the Beau de Rochas four-stroke cycle, introduced the 
highly successful gas-engine in which this action is carried out 
The Otto "silent" engine (so called to distinguish it from ita 
1 noisy predecessor, the engine of Otto and Langen) not only was 

the first gas-engine to come widely into use, but has formed 
the model to which, since the expiry of Otto's master patent, 
other gas-engines are for the most part indebted for the chief 
features of their action. The manufacture of the Otto engine 
in England by Messrs Crossley led to its rapid introduction in 
I thousands of cases where the greater cost of gas fuel, as com- 

\ pared with the cost of fuel in a steam-engine, was more than 

I balanced by the greater convenience and economy in respect 

of attendance of the new motor. It should be added that illu- 
minating coal-gas — the usual fuel of these engines — is a more 
costly fuel than there is auy need to use iu a gas-engine. 
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in fact used only because it is readily obtainable. Much cheaper 
combustible gases, destitute of illuminating power, will serve the 
purposes of the gaa-engine; and when gas-engine power is used 
on a large scale it is worth while to put down the plant necessary 
for the manufacture of cheap gas. This, in fact, is often done, 
and under such conditions the cost of fuel in the gas-engine i 
compares favourably with the cost of fuel ia the steam-engine. 

254 The Otto Engine. In the Otto engine, and in many 
other forma which resemble it, the cylinder is single acting, with 
a trunk piston, and the explosive mixture is compressed before 
ignition into a large clearance space at the back end of the 
cylinder. The volume of the clearance depends on the amount 
of compression which is desired. In the early forms of Otto 
engine it was generally more than half the volume through which 
the piston sweeps, but is now less than half that volume. To 
complete the action requires two revolutions of the crank-shaft. 

During the first forward stroke of the cycle gas and air are drawn 
in by the piston. During the first back -stroke the mixture is com- 
pressed into the clearance space. The mixture is then ignited 
as the crank reaches the dead point, and the second forward 
Btroke (which is the only working stroke in the cycle) is per- 
formed under the pressure of the heated products of combustion. 
During the second back-stroke the products are discharged into 
the atmosphere through an exhaust valve, with the exception of 
so much as remains in the clearance space, which (except where 
special means are taken to remove it) is allowed to dilute the 
explosive mixture in the next cycle. The cylinder is kept cool 
enough to admit of lubrication, by means of a jacket through 
which a continuous circulation of water is kept up. The admission 
and exhaust valves aie worked hy a lay-shaft which is geared to 
run at half the speed of the crank-shaft, so that their period is 
double that of the piston. The same shaft serves to work the 
valve which determines the ignition of the explosive mixture. 

26S. Ignition in Gas-engineB. In early forms of the Otto 
engine the ignition of the compressed gases was effected by 
carrying a flame, through a narrow port in a slide-valve, from a 
gas jet that was kept burning outside to the mixture within. To 
prevent the gases from blowing back through the valve when the 
explosion took place the slide was arranged so that the port in it 
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which served as & vehicle for the flame had passed under a cover 
which shut it off from the atmosphere, before it reached the fixed 
port on the cylinder cover through which the flame passed in to 
ignite the contents of the cylinder. This mode of igniting the 
gases is now generally abandoned and an ignition tube is used 
instead. This is a small closed tube of metal or porcelain which 
is maintained at a bright red heat by a flame plaj-ing on its 
outside surface, while a portion of the explosive mixture is allowed 
to enter the tube from the cylinder at the time when it should be 
fired. In most cases the ignition tube is used in conjunction with 
a "timing valve" which determines the instant at which the 
explosion occurs by being opened to allow a portion of the com- 
pressed explosive mixture to enter the ignition tube, but in bodm 
gas-cngiiies this "timing valve" is dispensed with and the ignilioD 
tube is in free communication with the cylinder throughout, the 
contents becoming fired only when their pressure is raised by 
the back-stroke of the piston, an arrangement which tends to 
make the instaTit of ignition rather uncertain. In a few gas- 
engines electrical means of firing are retained: thus in the 
"Simplex," a successful French engine, a continuous stream of 
sparks is kept up. generated by a batteiy and induction coil in a i 
small chamber in the cover of a slide-valve which serves as a . 
timing valve to let the sparks take effect at the proper time, by ' 
giving the explosive mixture access to the spark chamber. 

266. Oovemlng of GaB-en^oes. The speed of a gas- ; 
engine is usually regulated by a centrifugal governor, which cute ( 
off the supply of gas when the speed exceeds a certain limit, 
making the engine miss one or more explosions. The governor 
determines whether the gas valve shall or shall not be opened, , 
by means of a " hit and miss " arrangement, A cam fixed on the 
lay-shaft, so that it makes one revolution for every two revolutions 
of the engine, opens the gas-admission valve by acting on a lever , 
through an intermediate roller. This intermediate roller is carried 
by an ann which is caused to move sideways by the governor, in ' 
such a manner that when the speed exceeds a certain value the 
roller is removed and consequently the com fails to act on the lever, 
and the admission valve remains closed. In some instances a stepped i 
cam is used, giving admission to various amounts of gas cor- ■ 
responding with various positions of the centrifugal governor, with ' 
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tbe effect that the explosive mixture is weakened when the speed 
rises. The tendency, however, to migs fire with weak mixtures is 
on obstacle to this method of refj^ulating. and more generally the 
gas is freely admitted when the speed is below the limit, and 
completely cut off when the limit is passed. In some gas-eiip^nea 
the inertia of a reciprocating piece is used instead of the inertia of , 
revolving pieces to determine the admission or non-admission of j 
gas. When the speed exceeds a limit the acceleration of the 
oscillating piece becomes sufficient to displace it in snch a way 
that the gas-admission valve misses the stroke. 



267. Other O-ai-englnei. The Otto, or Beau de Kochas 
cycle, is now so generally adopted that comparatively little 
interest attaches to the modes of action introduced in other 
types of gas-engine, which after attaining some vogue have 
for the most part failed to maintain their position. Mr Dugald 
Clerk, whose experiments have been of great service in clearing 
ap disputed points in gas-engine theory, introduced in 1S80 a 
motor in which the explosion took place at each forward stroke 
of the piston, instead of at each alternate forward stroke as in 
Otto'a The gas and air were inhaled by an auxiliary piston in | 
a separate cylinder, from which they were delivered to the main . 
cylinder just after the main piston had completed its working 
stroke. They entered through a trumpet mouth or large cone 
forming the cover at the back end of the cylinder, which had the 
effect of removing the kinetic energy of the stream, and hence of 
allowing the fresh gases to enter without intermingling much 
with the products of combustion already in the cylinder. The 
iresh charge drove the products of combustion in front of it. 
causing these to be expelled at exhaust ports in the side of the 
cylinder close to the front end of the stroke. The piston, re- 
tnming, closed these exhaust porta and compressed the fresh 
mixture, which was ignited as usual when its compression was 
completed by the piston passing its dead-point at the back end'. 
The indicator diagram was almost identical with that given by j 
the Otto engine. 

It is a defect of the ordinary Otto cycle that the ratio in which \ 
the gases are expanded after ignition is no greater than the ratio ' 

1 See Mi CUtt't book, ■■ The Qat-Engiiu," 1880. 
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m wUA the c*p lB M*e mixUire is compressed. A Urger nUo of 
cspNBwn is d(«alile, far the temperature and the presnin 8ie 
atill k^b vhn rclMao occurs. The ingemoo^ " differantitl' 
; of Mr AAiosoD (1SS5) was an attempt to eacxpa tbti 
Its wixkiBg chamber consists of the space betweea 
Mie cylinder. Dariug esbaust the pistcm 
r; tbey receded from each other to lake in t 
fmh ehacge; they apfnnadied for compression; and finally the; 
receded agun very ra{ndly and farther than before, after ignition 
of the mixtore, thus gi^Hng a comparatively large ratio of ex- 
pansion with the further advantage that the working stroke took 
place eo quickly as to give the burning gases comparatively IttUe 
Ume to give up heat by conduction to the metal. At the sane 
time, by moving bodily along throngh the cylinder, the pistuni 
uncovered admission and exhaust porta in the aides, as well at 
an ignition tube which was kept permanently incandescent. The 
pistons were connected to a single crank-pin through a pair of 
beams or levers with connecting links at each end ; this had the 
important disadvantage of introducing a large number of worldng 
joints. ' 

A year or so later Mr Atkinson abandoned the use of two | 
{Mstons, but succeeded in giving a single piston long and stunt I 
strokes alternately, by connecting it to the crank-pin through a 
species of toggle joint which made two complete oscillations fiw I 
each revolution of the shaft. The first oscillation served to inhale \ 
and compress the gases ; the second, the amplitude of which was 
about twice as great, served for the working and exhausting stroke. 
Competitive tests made under the aut;pices of the Society of Arte 
showed that the "cycle" engine, as this form was called, had an 
(exceptionally high efficiency, but the mechanical complication of 
the toggle with its still numerous joints has stood in the way of 
its success. 

In engines made by Messrs Dick. Kerr and Co., a double- 
jioUiltg stroke has been used, with explosions on both sides of the 
MBlon alternately. In the original form of this engine (the 
-•ijnffiii "1 '^^'^ *°* what is called a scavenging stroke (or rather I 
OM «in*^* "* **'*^''^*'" ^ ^^^ essential parts of the Otto cycle, i 
tUcc die products of eombustion had been expelled in the fourth I 
^^ a( iho ordinarj- cycle a fifth and sixth stroke were occupied I 
* in *n<i expelling air from the cylinder, to sweep it clear ' 
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<jf the products of combustion before the next charge should be 
admitted. But in more recent forms of double-acting engine the 
ecavenging strokes are omitted and the usual four-stroke Otto 
cycle is adhered to without change, the result of the double 
action being that two impulses are secured in every two revolutions 
of the shaft.' Gas-engines have been made by these makers to 
indicate as much as 600 horse -power. 

In one or two other forms of gas-engine the front or idle side of 
the piston is utilized to serve as a displacer, acting like the separate 
displacer of the Clerk engine to lohale a mixture of gas and air 
into a chamber which in some cases encloses the connecting-rod 
and crank. The mixture then passes to the back or working end, 
while the burnt products of the previous stroke are driven out 
before it, and is then compressed and exploded ; the result being 
that an explosion is secured at each instead of each alternate 
revolution. The cycle is substantially Otto's, but with its chief 
mechanical imperfection removed, namely, the idle revolution. 

26a Action in the Cylinder of the Otto Engine. If the 
explosion of a gaseous mixture wei-e practically instantaneous, 
producing at once all the heat due to the chemical reaction, and if 
the expansion and compression were adiabatic, the theoretical 
indicator diagram of an engine of the Otto type would have the 
form shown in fig. 195, OA represents the 
volume of clearance ; AB is the admisdon, 
at atmospheric pressure ; BC is the com- 
pression (which is assumed in the sketch to 
be adiabatic); CD is the rise of pressure 
by explosion; DE is adtabatic 
during the working stroke; 
^A is the exhaust. The height of 
A D above C may be calculated 
when we know the temperature at C (an element of considerable 
uncertainty in practice), as well as the specific heat (at constant 
volume) of the burnt mixture, the amount of heat evolved by the 
explosion, and the change of specific density due to the change 
of chemical constitution which explosion brings about. With the 
proportion of coal-gas and air ordinarily employed the change of 

> For particnlare ot donble-acting gaB-cngineB nsed in the eleotrie Ushtiiig of 
'RBt, tee f roc. Intl. Ucch. Eng., Julj ISSEi. 
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its success. .^ .^-* . - »4uch corresponds to the rise of pressure to 

In engiii . *. .luve, namely firomC toD. The remainder 

acting stroke V- . . .-? -.^ iw slowly evolved during the subsequent 

piston altonui-- _..^ pawl* The process of combustion — a temi 

" Griffin ") thor.- . ^^,^->Uii than explosion — ^is essentially gradual: 

two strokes) in aii ..^»j*w it begins rapidly, but it continues to go 
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oa at a diminiahing rate throughout the whole or nearly the whole 
oi the stroke. That part which takes place after the maximum 
pressure is passed constitutes the phenomenoD of " afber-burning " 
to which allusion has been made above. 

259. After- burning. The existence of after-burning is 
proved not only by the fact that the maximum pressure after 
ignition is much less than it would be if combustion were then 
complete, but also by the form which the curve of subsequent 
expansion takes. During L^xpansion the gases are losing much 
heat by conduction through the cylinder walls. The water-jacket 
absorbs about 40 or in some cases even 50 per cent, of the whole 
heat developed in the engine', and the greater part of this i.s of 
course taken up from the gases diiring the working stroke. Not- 
withstanding thb loss of heat, the curve of espansion does not fall 
much below the adiabatic curve ; in some tests indeed it boa been 
found to lie higher than the adiabatic curve. This shows that the 
loss to the sides of the cylinder is being made up by continued 
developement of heat within the gas. The process of combustion 
ia especially protracted when the explosive mixture is weak in 
gas; the point of maximum pressure then comes late in the 




Fio. 197. Oito EDRma diagnun with weak explosive niiiture. 

stroke ; and it is probable that the products which are discharged 
into the exhaust contain some incompletely burnt fuel. Fig, 197 is 
the indicator diagram of an Otto engine supplied with a mixture 
containing an exceptionally large proportion of air : it exhibits 
well the very gradual character of the combustion in such a case. 

The process of explosive combustion has been examined in the 
experiments already referred to of Mr Clerk, who exploded mixtures 
of gas and atr, and also mixtureti of hydrogen and air, in a closed 

' Clerk, loc. cit. Also, Brookn anil Steward, Van .Voflranrf"* Eng. J/an l 
AyrtOD M)d Perry, Phil. Mag., July issj; Slab;, Report quoted in ^ 
Ltctun, Intt. C. E., lESi, aod other Irish quoted b; Sir Donkin. 
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vessel furnished with an apparatus for recording the time-rate of 
variation of pressure. In these experiments the pressure felt 
after the explosion only on account of the cooling tiction of the 
containing walls. Tbe temperature before ignition being known, 
it became possible to calculate from the diagrams of pressure the 
highest temperature that was reached during combustion (on the 
assumption that the specific heal of the gases remained unchanged 
at high temperatures), and to compare this with the teroperature 
which would have been produced had combustion been at once 
complete. Mixtures of gas and air were exploded, the proportion 
of gas varying from ^ to 5, and the highest temperature produced 
was generally a little more than half that which would have been 
reached by instantaneous combustion of the mixture. With the 
best proportion of coal-gas to air (1 to 6 or 7) the pressure 
reached its maximum one-twentieth of a second after ignition, 
and the temperature was then 1800° C..— instead of 3800° C, 
which would have been the temperature had all the heat been at 
once evolved. With the weakest mixtures about half a second tru 
taken to reach a maximum of pressure, and the temperature was 
then 800° C, instead of 1800° C. In this case, however, the degree 
of completeness of the combustion is not fairly shown by a com- 
parison of these temperatures, since much cooling occurred during 
the relatively long interval that preceded the instant of greatest 
pressure. 

To explain the phenomenon of after-burning or delajred 
combustion, it has been supposed that the high temperature V> 
which the gases are raised in the tirst stages of the explosion 
prevents union fi-om being completed, — just as high temperature 
would dissociate the burnt gases were they already in chemical 
union, — until the fall of temperature by expansion and by the 
cooling action of the cylinder walla allows the process of nnicHi » 
go on. The ma.'timum temperature attained in the gas-engine u 
high enough to cause a perceptible amount of dissociation of tJie 
burnt products ; it may therefore be admitted that this expliiu- 
tion of delayed combustion is to some extent valid. On the otbw 
hand, the phenomenon is most noticeable with mixtures weak in 
gas, in which the maximum temperature reached is low, and the 
dissociation effect is correspondingly small. It appears, therefore, 
that dissociation b not the main cause of the action ; apart fiom 
it the process of combustion of a gaaeous mixture is gradiul. 
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iguming fast and going on at a continuously-diminishing rate as 
the combustible mixture becomes more and more diluted by the 
portions already burnt. If the mixture is much diluted to begin 
with, the process is comparatively slow from the first. 

Much stress was at one time laid by Otto on the desira- 
bility of having a stratified mixture of gases in the cylinder, 
with a part rich in gas near the ignition port and a greater 
proportion of residual products or air near the piston, It has 
even been supposed that stratification of the gases is the cause of 
their gradual combustion. Mr Clerk's experiments are conclusive 
against this; the mixtures he used, which gave in some cases verj' 
gradnal explosions, were allowed to stand long enough to become 
sensibly homogeneous. In dealing with weak mixtures it is no 
doubt of advantage to have a small quantity richer in fuel than 
the average close to the igniting port to start the ignition of the 
rest, — but beyond this stratification has probably no value. In 
the ordinary working of a gas-engine it is evident that no general 
stratification can occur, when account is taken of the commotion 
which the air and gas cause aa they rush into the cylinder at a 
speed exceeding that of an express train, except in cases where 
special precautions are taken to deprive the gases of kinetic 
energy on their entry, as in Clerk's engine, where the gases were 
reduced to stillness by means of an expanding cone in order that 
the fresh charge should not mix with the products of the previous 
explosion. 

260. Fartlculan of the Oroitley-Otto Engine. Fig. 196 
gives a view in plan of a Crossley-Otto engine, showing a cylinder 
and piston in section. The cylinder is in the form of a liner 
inside an outer casing, the apace between the two serving as the 
water-jacket. The piston is of the trunk type, and is extended 
forward a long way mth the effect that no outside guide is 
required. The lay shaft at the side is driven from the main shaft 
by shew gear wheels, and a second fly-wheel is often added outside 
these gear wheels in cases where uniform motion is specially 
desirable, as in gas-engines used to drive dynamos for electric 
lighting. In this instance the clearance space is 40 per cent, of 
the volume swept through by the •^'"*"-' in each stroke. The 

rpocket at the side of the clearao 

■Vftlve, which lb a horizontal disc v 
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fpring and lifted periodically by a lever worked by one of the 
1 on the Uy abaft. Fig. 199 giveti a vertical section thruugh 




I 

^^f and also the ignition tube, which ia protected by an outer tubf 
I open at the top and is Itept hot by a fiunsen flame burning in the 

space between the two. The cylinder of this engine hiis adiameier 
of 9i inches, and the stroke is 18 inches. As tested by Mr Clerk', 
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at a speed of 160 revolutions per minute it developed 1925 I. -H.-P. 
and 15'75 b.-h.-p., with a gas consumption of 21-2 cubic feet per 
l.-H.-P. hour. The pressure was 48 lbs. per square inch after 
compression, and 200 lbs. after explosion, The mean pressure 
during the working stroke was 81i lbs. The indicator diagram is 
given in fig. 200. 




Fio. 200. Inai 



In their larger engines, some of which develope 250 H.-R, 
Messrs Crossley use two cylinders facing one another on opposite 
sides of the crank, with the two connecting rods working on 
the same crank-pin. In a gas-engjne of 400 H.-p, built by Messrs 
Andrews the two cylinders are placed in tandem on the same side 
of the shaft. The front piston has no tail-rod, but is connected 
with the piston behind it by two side rods, one on either side of 
the front cylinder. The explosions in the two cylinders take 
place alternately, so that one occure in every revolution when 
the engine is working at fiill power. 

In all engines using the Otto cycle with equal expansion and 
compression strokes, the expansion of the gases after combustion 
is far from complete, and then pressure at release ia still com- 
paratively high. The noise in the exhaust pipe due to this is 
generally mitigated by using what is called a " silencer," which is 
a cast-iron vessel, placed at any convenient point on the pipe, into 
which the gases expand before they are allowed to escape to the 
open air. 

261. Scavenging. In most instances a gas-engine working ' 
on the Otto cycle keeps its clearance space at the end of each 
exhaust stroke full of unrejected products of combustion, and 
these mix with the incoming gas and air of the succeeding charge. 
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* Se^rtagiBg,' or sveeptng oQt tbe bonit gases from Uie deaniKa 
space, has occuuxislly been effected by a separate air-pamp Qr(u 
vas mentHHied in | 257) by adding a pair of idle strokes to the 
ibar-8tn>ke cycle of Otta An ingeniona and simple means of 
getting lid of tbe bomb gases is now applied by Measra Crossley 
u> many of their engines, with marked adt-antage to the efficiency 
of the action. TbiK is the inventioD of Mr Atkinson, whose plan 
is to provide the engine with a rather loi^ exbaast pipe and to 
open the air-adrnta^Mi valve a little sooner than the gas valve is 
opened, and a little before the end of the exhaust stroke. The 
exbaast gases are discharged throagb the exhaust pipe with ^ 
rather violent puff after each explosion, and the energy of their 
motion in the long pipe causes the puff to be followed by a partiil 
racuiiDi. Hc'Dce when the air-adroisaion valve is opened therein 
a rush of fresh air into the clearance space which sweeps before it 
the remainder of the burnt gases and leaves the clearance fiill 
of pure or nearly pure air. The length of the exhaust pipe is so 
chosen that the partial vacuum, or phase of low pressure at the 
end of the pipe next the cylinder, comes when the piston is 
nearing the end of its stroke. Mr Atkinson's invention allows 
scavenging to be effected without adding in any way to the 
working parts of the engine, and without the reduction of power 
that is involved by adding idle strokes to the four-stroke cycle. 
With an oxhaust pipe about 65 ft. long, the pressure tn tbe 
cylinder, in an example tested by Mr Clerk, fell towards the end of 
the stroke to about 2 lbs. below the pressure of the atmosphere, 
thereby causing a strong current of fresh air to sweep through the 
clearance space when the air-admission valve was opened. The 
action of tho acavunging device is conveniently examined by causing 
a diagram of the exhaust stroke to be drawn by an indicator 
furnished with a light spring and fitted with a stop to prevent 
more than a small movement. Scavenging appears in alt cases to 
reduce considerably the consumptiou of gas, and engines which use 
it show the gieatest economy of fuel yet attained. It h of special 
advantage when a comi)aratively weak gas such as Dowson's ia used, 
for it diminishes the chance of miss-fire to which weak gas is 
liable. Again, in largo engines the presence of hot burnt gas 
in the mixture is apt to induce premature explosion, and this 
scavenging does much to prevent. 

1 Loc. eit. p, 111. 
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262. Influence of CompreBsloii. The advantage of com- 
pressing the mbcture before explosion is partly mechanical 
partly thermodynamic. Apart from con si derations of efficiency it 
augments the power of the engine (relatively to its size) by 
causing a larger quantity of gas to enter into the action, so that 
a larger amount of heat is generated at each explosion and tl 
mean pressure during the working stroke is increased. la 
Orossley-Otto engine of 1881 the mixture was corapresse* 
its pressure was about 30 lbs. per squan^ inch ; on explosion 
the pressure rose to 120 lba„ and the mean pressure during the 
working stroke was 55 lbs.'. In an engine of 1892 the pressure 
had the higher values stated in § 260. lo an engine of 1894 the 
compression was carried to 75 lbs., the pressure on explosion was 
318 lbs,, and the mean pressure during the working stroke was 
113^ lbs.'. Corapai-ed with the engine of 1881 this last engine, 
in consequence of the greater compression of its charge, did more 
than twice as much work per cubic foot swept through by the 
piston. 

Bui apart from the increase in power, compression produces 
increafie in efficiency. The higher pressure reached on explosi 
allows a greater range of expansion to follow without causing the 
pressure to fall unduly low. With the same terminal pressure in 
both cases increased compression enlarges the indicator diagram 
for the same charge of gns. Further, the reduced volume of the 
clearance implies a reduced surface for the cooling of the gas. 
And it may be added that, in engines which do not use scavenging, 
the diminished clearance means a diminished quantity of residual 
gas to mix with the succeeding charge. The absence of burnt gas 
from the mixture contributes to efficiency, and the greater is the 
compression the less is the volume of the i-esidual products. 

Comparing Crosaley-Otto engines of similar size but of different 
dates, with the object of showing the gain in efficiency which ' 
resulted from increased compression, Mr Clerk cites the (ollowi 
xeaults of tejsts : — 

FrasBure at end of 
oompresaian abore 
BtmoEphere. 
ate. Ibe, per sq. incU. 

32-8 38-0 

S8-9i 66-0 

94 87-5 

1 Cleik, loc. etc. 
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The consumption of gaa per l-h.-p. hour was reduced from 24 cul«c 
feet in the first of these cases to 14-8 cubic feet in the last 

This improvement is to be ascribed mainly to the greater 

compression used in modem engines, but some of it is due » 

increased piston speed, ^viiig a more nearly adiabatic expansion; 

and probably a considerable part of the final gain is due to 

" scavenging," which was used in the last of these three examples. 

The increased compression which is a feature of modern gas- 

mgines has boon made possible by the substitution of the ignition 

lube for the old ignition slide-valve. The slide-valve was held 

^Against the end of the cylinder by springs, which had to exert 

enough force to keep it from being blown off the face when the 

explosion occurred. So long as this arrangement was adhered to 

. the pressure reached during the explosion could not be allowed to ] 

sxceed a very moderate limit. With the abolition of the slide-valve 

Jiia limit disappeared and high compression became practicable. 

Self-starting appliance for aas-eng:inei. Small 

Bgas-engines are readily enough .started by hand hy pulling the 
fly-wheel round until explosion begins to happen, but engines of 
large power have to be provided ivith some safer and less 
cumbrous means of being set in motion. In Mr Clerk's starter, 
I which is used by Messrs Crossley, the object is attained of filling 
Btbe clearance space in the cylinder with a mixture of gas and air 
^nder pressure, so that the engine may start with a high-pressure 
explosion. The mixture, however, is not pumped in, but is diiren 
in by the combustion of gas in a separate ves-sel into which the 
mixture is originally introduced at atmospheric pressure. The 
arrangement is shown in fig, 201. B is the separate vessel into 
which gas and air are admitted, but not under pressure. The 
igniter T fires this mixture, which begins to explode at the top of 
D, The explosion drives the lower portion of the mixture over 
into the engine cylinder A through the check-valve B, and it 
accumulates there under pressure. Finally the fiame passes the 
check-valve and ignites the compi-essed mixture behind the piston, 
thereby giving the impulse required for the start, the crank having 
been set beforehand some way forward from its dead-point. 

The Lanchester low-pressure starter causes gas first to pass into 
the space behind the piston and to mix with the air there. Part 
of the mixture is allowed to escape through a cock of sjwcia] f 



& 



;ia] fiM^I 



where it is ignited. When the cock is closed the flame travels 1 
back into the cylinder and the mixture there explodes, giving the 1 




Fia. 201. Clerk's Pressure Starter for GaO'engines. 



Qecessary impulse to the piston. In other cases the starting ia I 
effected by pumping a charge into the cylinder, or by admittit^l 
compressed air from a reservoir after the clearance space hasj 
already been filled with gas, and then firing the mixture. 

264. Fertbrmaace of Oai-englnea. In small gas-enginea. 
of the Otto type using illuiiiinjiting coal-gas as fuel the con- 
sumption is now reduced to something less than 20 cubic feet per 
indicated horse-power-hour when working at full power. In large 
engines it may be as low as 15 cubic feet or even less. The 
mechanical efficiency is usually between 080 and 08.5 ; in other 
■words, 20 cubic feet per hour per I.-H.-P. corresponds to say 23 
or 25 cubic feet per brake h.-p. 

Coal-gas has a heating power which ranges from about 480,000 
to 620,000 foot-pounda per cubic foot. If we take 520,000 as a repre. 
aentative average value, the heat which is equivalent to one H.-P. 
hour would be given by the conauraption of 3'8 cubic feet of gaa 
Hence an engine which consumes 19 cubic feet per I. -H.-P. hour has 
a thermodynamic efficiency of 0'2, that is to say, it converts just 
20 per cent, of the energy of the fuel into work. Efficiencies as 
high as 025 and even 027 have been found in trials of 
engines using high compression and "scavenging." We have! 
seen in Chapter V. that the most efficient steam-engine converts 
only about 15 per cent, of the energy of the fuel into work, aud in 
steam-engines that are small enough to be fairly compared with 
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e gas-engines lo which these fignres refer, the taction converted 
' is melj more than 10 per cent. The Boperioritv of gaa-engilM 
over 9teain -engines, from the chenDodynamic point of view, i> 
therefore conaderable : it is of coane due to the greater range 
of temperature tfarotigh which the working substance is carried, 
aod especially to the high mean temperature of the worinng 
sabstaace during which heat is being taken in, or rather being 
developed by the corobnation of the substance itself, a pn)c«« 
which correspoDds to the reception of heat by the woricbg 
substance of an external combustion engine. 

The following figures are (quoted from a Report of trials con- 

bducted by the Society of Arts in 1888'. They relate to three tesU 

wot a Crossiey-Otto engine with the moderate compression which 

was then usual, which was one of the three gas-engines submitted 

for trial. One of the others, the Atkinson " cycle " engine, which 

was referred to above as having a long expansive stroke, had k 

I rather higher efficiency, since it consumed only 192 cubic feel 



Table XIY.—TriaU of a 




(Society 


of Art«, 188S). 






Lwid FuU Power. 


Hiif Power. 


NOM 


DnratioD ot Trial ... 6 hoan. 


Sbonn. 


ihonr. 


Revolutions per minute 


160-1 


158-8 


ltil-0 


Explosions per minute 


78 '4 


41-1 


10-2 


Maximum pre«ur* 


197 lbs. 


196 lbs. 


148 lbs. 


Mean cfiWctive pi-essure 


67-9 „ 


73-4 „ 


66-7 „ 


Indicated a.-p. 


17-12 


9-73 


2-19 


Bruke n..p. 


U74 


7-41 





Met^hunical efficiency 


0'86 


0-76 





Gaa per hour (inuiu) 


351-8C. ft. 


202-6 0. ft. 


490cft. 


(ignition) 


3-5 „ 


3-2 „ 




(total) 


355-3 „ 


205-8 „ 


^^H 


Oa> per l-B.-p. hour (main) 


20-5 „ 


20-8 „ 




•1 1. .. (total) 


20-8 „ 


21-2 „ 


^H 


Oaa per b.-h.-p. hour (total) 


241 „ 


27-8 „ 


^^H 


Cooling water per hour 


713 Ilia. 


480 lbs. 




Kiae of temperature of coot-) 
ing water J 


71-8- F. 


71-3* F. 


1 



I The official report of these IriaU, with a further deecriptive paper bj FrofeBHr 
Kvnued; (Jour. Soc. Arti. March 1889), Bboutd be referred ta as an eiampte of 
■ulificBU; coaducled test. 
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of gas per l.*H.-p. hour including the supply required for the 
ignition. The trials quoted below were made with the engine 
working at full power and half power, and also running without 
external load. 

Taking the full-power trial, it appears that of every 100 units 
of energy in the fuel, about 19 were turned into work, 43 were 
rejected in the jacket water, and 38 were rejected in the exhaust 
An indicator diagrai^ from this trial is given in fig. 202, drawn to 
absolute scales of pressure and volume, and with lines BC and EF 
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Volume in cubic feet 
Fio. 202. Otto Engine diagram, Society of Arts Trials. 

added to illustrate hypothetical compression and expansion curves 
of the form PF^^ const An approximation to the real com- 
pression curve is obtained when n is taken equal 1*38, and to 
the real expansion curve when n is taken equal to 1*435. The 
fieu^t that the last index is higher than the value of 7 for the mixed 
gases shows that heat is being received during expansion (§ 39) 
in consequence of afber-burning, and notwithstanding the loss to 
the jacket which is going on more actively in this stage of the 
cycle than in any other. The absolute temperature is estimated 
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ro nwi been approxiinAtely 3440° Fab. at E where it was t 
luttumuHi, 2130' at F after expamdoo, and 1060° at G after 



Ad « more recent example a trial may be quoted which was 
tmuie by Ur Clerk in 1894 with a sinall Crossley engine, using 
Xr Atkinson's scavenging device*. An indicator diagram taken in 
this trial is reproduced in Gg. 203. The cylinder waa 7 inches b 




Fin. 30S. OrMdej Otto SoaToiglDg Engine. (ISH.) 

diameter, with a 15-iiich stroke, and the clearance space was 
34 per cent, of the volume swept through by the piston. The 
engine ran at 200 revolutions per minute uid developed 14 l-h.-p. 
with a mean pressure in the working Btroke of 100 lbs. The 
highest pressures were 87'5 lbs. in compression and 275 lbs. in 
explosion. The consumption of gas (estimated to have a heating 
value of 530,000 foot-pounds per cubic foot) was 14'8 cubic feet 
per l.-H.-P. hour and 17 cubic feet per tt-H.-p. hour. This makes 
the theitnodynamic efticiency equal to 0'25, which is a remark- 
ably good result for so small an engine. 

When a gas-engine is run at less than its full power the 
ci.>n!iumption of gas is of coume reduced, but not in simple pro- 
(Hirtion to the reduction of load. In general for an engine 
running at one speed the total gas used per hour is at least very ap- 
pi\i.\iniate1y proportional to the brake -horse -power plus a conBtant, 
the constant being the quantity of gaa consumed per hour when 
the engine is running without any external load. A line drawn, 
like the Willans' line for a steam-engine, to show the total gaa used 
(vr hour in relation to the brake-horse-power is nearly straight. 

" Uin. Proc. Itut. C. E., vol. ciiit. p. 102. 
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Fig. 204 shows this line drawn for the three trials quoted in Table 
XIV, the ordinates taken being the total gas used per hour in the 
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Fio. 304. Conramption of gas tinder Tarioas amoanto of load. 

cylinder (excluding the practically constant additional quantity 
required for ignition). 

The loss due to the water-jacket is one of the most serious 
defects of the gas-engine in the present stage of its evolution. 
The water-jacket is necessary only because the combustion chamber 
and the working cylinder are one: if it were found practic- 
able to separate them, by interposing a cushion of idle air to 
prevent the hot products of combustion from reaching the working 
surface this source of loss might possibly be removed. Excessive 
loss also results from the high temperature at which the gases are 
discharged. A partial but important remedy for this is to be 
sought in extending the expansion, as Mr Atkinson did in his 
'^ cycle" engine; but the most complete cure is perhaps to be 
looked for in the application to gas-engines of the regenerator of 
Stirling. Though attempts in this direction have already been 
made, the regenerative gas-engine still awaits development. 

B. 28 
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Ideal performance of an intemal-combiuttoii 

That there is an immense margin for improvemeaC Id 
ih*> efficiency is clear from the consideratioo that the gas-engine, 
cAdeot as it is, falls much more short of the efficiency that 
is Uieoretically attainable than does its older rival, the eteam- 
eogine. In estimating the ideal maximum we may take as ths 
lower limit the temperature of the atmosphere, or saj 520" Fah. 
{absolute). The trials which have been quoted agree with others 
in showing that an absolute temperature of about 3440° Fah. is 
reached in the combustion of coal-gas under conditions such aa 
obtaiu in gas-engines. If all the beat were generated at tbia 
. temperature the formula 

would be applicable as a measure of the ideal efficiency, to \» 
approached, as has just been indicated, by avoiding jacket losses 
and by using a regenerator to assist in making the cycle reversible 
throughout. The value which this fraction takes, with 1^ 
extremes of temperature named above, is 085. 

But in order to bring this ideal within reach the gas and ta 
would have to be heated separately (by compression or by the 
use of the regenerator) to the maximum temperature before 
combustion wtts allowed to begin, and would have to be prevented 
finm cooling until combustion was complete. This would imply 
an entirely different kind of action from that which exists in the 
Olto or any other existing type of engine, where the generation of 
ht^at is necessarily associated with a rise of temperature. It will 
therefore be a fairer comparison if we take as the ideal standard of 
performance that of an engine in which the combustion goes on 
between two defined temperatures, a lower initial and a higher 
final limit, and in which the action is reversible in all other 
respects. Calling To the temperature to which the gases are 
nuaed before ignition, r, the maximum at which (in the ideal case) 
cotobustiou will be supposed to be complete, and t, the lower 
extremity of the whole range, the greatest amount of work that 
iMLU be done per unit of substance is expressed by 

'• dH. . 






dT(r-T,) 



if the specific heat during combustion ii 
and equal to a. This makes 



assumed to be constaab J 



<r (Ti - T„) - 



and the efficiency 



TT 



= 1- 



Taking the numerical values ae above, namely t, = a 
T, =s 520, and tj = 1060, this gives 0'74 as the ideal efficiency. 
The best results obtained in trials show that about one-third of 
this theoretical efficiency is realised in the performance of modem 
gas-engines. 

266. Use of cbeap gaa. When the gas-engine is used to 
furnish power on a small scale the convenience of using ordinitry 
coal-gas as fuel compensates for its comparatively great coat. 
But for the application of the gas-engine on any large scale a 
fiiel cheaper than illuminating coal-gas is essential. In many | 
metallurgical processes a cheap gaseous fuel is obtained by letting , 
air pass in limited quantity through incandescent coal or coke; 
the gas that passes otf consists of carbonic oxide formed by union I 
of the carbon with the oxygen of the air, diluted by the nitrogen I 
which has passed through without change. This " producer gas," 
as it is called, is too weak to be effectually used in ordinary gas- 
engines. A stronger fuel, called "water gas," consisting of mixed 
hydrogen and carbonic oxide, is formed by blowing steam through 
incandescent carbon. The gas which has hitherto been most used 
as a substitute for common coal-gas in gas-engines has a quality 
intermediate between these two : it is made by Mr Dowson'a 
process of sending a jet of mixed air and steam through a chamber 
which contains coke or anthracite at a red heat. The steam is 
fonned in a small auxiliary boiler, and blows through a kind of I 
injector or jet-pump, in which it takes up air, and the two f 
together into the hot carbon chamber. From it the gas (consisting | 
of a mixture of about 25 per cent, of carbonic oxide with 20 per J 
cent, of hydrogen, and the rest nitrogen) is led through "3crubbera''i 
into a holder which feeds the engine. The whole plant can be' 
erected close to the engine, takes up no gi-eat space and requires 
little attention. The gas obtained by this means has only about 
one-fourth of the calorific value of ordinary coal-gaa. But by 

26—2 
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n»aicQiig the proportion of air admitted to the cylinder and 
iimHiii II iin, th« mixture more strongly than is neceBsary in the 
caM of ordinary coal-gas, the mixture is found to ignite well, 
dB^ wb pin g a high initial pressure and giving a diagram resembling 
tihaC given by ordinaiy coal-gas'. An example of a diagram from 
an engine using Bowson gas and indicating about 100 R.-r. is 
R|)n)daced from Mr Clerk's paper in fi^. 205, lucidentally it 
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illustrates the process of " scavenging " by showing the exhaust 
line cross the atmospheric line somewhere near the middle of the 
stroke. The makers of the " Simplex " eogine employ a plant 
for making cheap ga.s somewhat similar to Mr Dowson's, A 
blowing fan, worked by the engine itself, sends air into the 
bottom of a chamber containing red-hot fuel, and at the same 
time a small stream of water is made to trickle upon the grate of 
the chamber, forming steam which rises along with the air; the 
combustible gases produced in this way are led off at the top 
through a scrubber to a gas-holder. 

When a gas-engine has its fuel prepared by processes such as 
these a direct compaiisou becomes possible between its consump- 
lion and that of the steam-engine, since we have to deal in the 
first instance with solid fuel in both cases, supplied at a cost 
|KT lb. which if not identical is at least readily comparable. 
Uossis Crossley have applied Mr Dowson's process at their own 
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works to furnish gaseous fuel for engines developing about 300 
L-H.-P., and aa a result of their experience they guarantee that 
their large engines will not consume more than 1 lb, of anthrticite 
or IJ lb. of coke per I.-U.-P. hour. Trials in other places have 
I'stabliabed that even a small gas-engine may by this means 
develope a horse-power-hour by burning no more than 1 lb. of 
coal. A large steam-engine requires nearly twice as much, and 
a steam-engine small enough to make the comparison fair 
requires three or four times as much fuel. It is therefore not 
surprising that the gas-engine is every day becoming a more 
formidable rival to the steam-engine, for moderately great as well 
as for small powers. The mechanical objections, however, to the 
Otto cycle are more serious in large sizca than in small, and it may 
be conjectured that before large gas-engines become generally 
adopted as substitutes for steam-engines an action will have to be 
devised which gives a more uniform effort and wastes less of the 
piston's movement in idle strokes. 

267. FluctuatloDi of speed In enginei usin^ the Otto 
cycle. The principles on which the fluctuations in the speed of 
any engine may be estimated when the indicator diagrams are 
given have been explained in an earlier chapter. An engine 
using the four-stroke cycle of Otto requires to have larger fly- 
wheel capacity than a steam-engine, on account of the long idle 
interval when no work is done on the crank. But the problem of 
determining the fluctuation in speed is comparatively simple, for 
the period when an excess of energy is being given out by the 
piston extends over a whole stroke. For this reason the inertia 
of the reciprocating parts does not have to be taken into account, 
and there is no need to diaw a diagram of crank effort in order to 
determine what is the excess of energy which the fly-wheel has to 
absorb. An example will show best how the calculation may be 
made. Taking the indicator diagram of a particular gas-engine, it 
was found that the mean height above the atmospheric line 
corresponded to 887 lbs. per sq. inch during the flriug stroke, and 
15'1 lbs. during the compression stroke, and further that the 
mean height of the exhaust line above the suction line was 4*4 lbs. j 
Hence the net indicated work was that which would be done by an I 
effective pressure of 88*7 - 151 - 44 or 692 lbs. acting through- 
out one stroke (out of four). The pressure equivalent to the.^ 
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overcome by the piston was therefore — j- or 

174 Aft per square inch. Hence during the firing stroke the 
gfcrtiw prcesure exceeded the pressure equivalent to the mean 
nartHHe by 88-7 - 17'3 or 71'4 Iba. per square inch. This exce» 
rfp uju w uc acting throughout one stroke does the work Ai? wbicb 
ife Af-Mbuil has to absorb. 

b 1^ instance referred to the diameter of the cyliuder wcis 
T^ aefces and the stroke 9 inches, making ^E equal to 2365 foot- 
ftmidx The mean speed was 250 revolutions per rainute, snd 
A* BOBent of inertia of the Sy-wheels, expressed in lbs. and feet, 
^■iWSO. Id the notation of § 208, Chapter X, u>i — ta^ or the 
^■b cfauige in angular velocity between the greatest and least 

^■cd, n j-^ , which in the present example is 

2365 X 32-2 x 60 



«950 X 250 X 2w 



= 325. 



Ban Aif, the greatest change in the speed when expressed In 

, . , .. . . 0-325x60 
MBS •■ tbe nomber of revolutions per minute, was ^ or 

M.WVI t\>und numbers one-eightieth of the mean speed. The 
^■■J^nSB of the variation in this example is due to the high 
Wi^^ttA and to the use of two particularly heavy fly-wheels. 

m. O0-«BClnei. Liquid fuel may bo used in an internal- 
R HigiAe either by evaporating it at a low temperature 
p the vapour to pass into the engine mixed with air, to 
I wid burnt or exploded there as in gas-engines, 
^.hH^Mta^ a liquid in the form of a jet or spray into a 
^M ^HllkMr vbere it is converted into a true gas and is then 
_,^ M te ft gB»-engine. In early petroleum engines the oils 
^^^ ««* flf • readily vaporisable class, of low density, and 

** ^ k low temperature. Air was forced through the 

c -h* "A w stirred up with it or sprayed into it, with the 

1^.,. |h« air became charged with combustible vapoar. 

„^ ^^ Ktlcnds the storage and use of such light oila 

- - jrwttcr coat led to the design of engines in which 

> LAmmable oils could be consumed. One of the 

-V the Bmyton engine (1873), in which air was 

{ pump at a pressure of about 60 lbs 
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square inch through petroleum, after which it passed through a 
regenerator, heated b^ the exhaust, and was delivered into the 
cylinder, where it waa made to bum under nearly constant 
pressure as it entered, expanding in volume and causing the 
piston to perform the working-stroke. This method of burning 
(continuously at nearly constant pressure) is interesting as a 
possible alternative to the method usual in gas-engines of burning 
suddenly at nearly constant volume. The Brayton engine is said i 
to have used 2"7 lbs. of oil per brake-horse-power hour. In more 
modem oil-engines using the Otto cycle the combustion has been 
reduced to about one- third of this amount. In their main 
mechanical features and in the use of a water-jacket to cool the 
cylinders oil-engines do not differ from gas-engines. Some of 
them still use oils with a low finsh-point, but in most cases the oil 
is of the same comparatively safe kind as is supplied for use in 
lamps. 

The oil-engine shares with the gas-engine, though in rather 
Ies8 degree, the advantage of requiring but little attention; it 
can be used in -situationa where there is no supply of gas, and 
the cost of oil per horse-power hour is less than that of town 
gas. For engines of large power a cheaper fuel is obtained by 
producing gas from coke or from coal, but as a small motor at 
once convenient and inexpensive the oil-engine cannot fail to take 
an important place. 

269. Prlestman'i OU-engiiie. One of the earliest engines 
to use heavy oil successfully was Friestman's, which has a separate 
vaporising chamber, into which oil is sprayed along with air from 
a closed tank. The tank ia partly full of oil, and the air above it 
is kept at a moderate pressure by means of a small pump. Two 
pipes leading from the air and oil spaces respectively are united 
to form a spraying nozzle which delivers a stream of finely divided 
oil mixed with a little air into the vaporising chamber. This 
chamber is heated by the exhaust gases to a temperature of ^00° 
or 300° F, Before the engine starts the vaporiser is heated by a 
special oil fiame. The vapurised oil is drawn into the cylinder iu 
the suction stroke, along with a large additional quantity of air, 
then compressed by the working piston, exploded and exhausted 
OS in other engines of the Otto type. A little of the vapour is 
condensed during compression, and this Serves to lubricate the 
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cylinder. Ignition is by an electric spark, and the governor acfs 
by adjusting tbe amount of oil and air admitted to the vaporiser 
through the spraying nozzle. The proportion of oil to air is 
maintained, so that the engine ha^ an explosion at ever^' secotid 
revolution whether the load is heavy or light, but the energy of 
the explosion is varied to suit the load'. 

Professor Unwin's tests of a Priestman engine indicating eight 
or nine horse- power at full load showed a consumption of 0-84 iha, 
per i.-H.-p. hour when the petroleum was of a quality known «fi 
" Daylight " oil, and 0*95 to 0'99 lbs. when a rather heavier oil 
called RusBolene was used. The calorific value of the oik was 
about the same In both cases, but it appeared that the lighter oil 
vaporised more easily and completed its combustion earlier iii the 
stroke. The following table is given for a full-power trial with 
Bussoleue as fuel. 



Table XV. P^fo 



Heat due to combuRtion of oil 
Work done on Brake 
Engine friction 
Indicated work 
Heat rejected to jacket water 
„ ,1 in esliaust gases 



of Prieslman's Oil engini. 
per cent. 



161 
47-5 

26-7 



The remainder, amounting to between 9 and 10 per cent., «■■ 
lost by radiation or otherwise unaccounted for. The thMOJO* 
dynamic efficiency (about 016) is not very greatly leas than tl** 
of a gas-engine, and much higher than that of a steam-engine *** 
the same size. 

270. Tbe Homiby-Ackroyd Oil-engine. This form 
remarkable for the extreme simplicity of the means a<)opted 
effect the explosion. The oil is rendered gaseous in a small b** 
chamber which forms an extension of the cylinder and in wbi*^^ 
the explosion subsequently occurs. The espioaions keep th® 
chamber at a high temperature; before the engine starts it '* 
heated by an outside oil-lamp furnished with a blowing faa ^ 
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proper quantity of oil for each explosion is separately pumped 
into this chamber, which when the oil enters is full of the hot 
products of combustion from the previous stroke. The heat of 
the chamber converts the oil into gas, which does not at first 
ignite, no fresh air being present and the temperature being 
barely high enough in any case. Meanwhile the piston has 
drawn in air during the forward stroke, and when this is com- 
pressed during the next back stroke some of it enters the hot 
chamber ; at the same time the temperature of the air is raised 
by compression, and the result is that the explosion takes place 
just as the piston passes its dead point. It is found that no 
special appliance such as a timing valve or an electric spark 
is necessary to secure that ignition shall occur at the proper 
place of the stroke. What is required is that the amount of 
compression shall be suitable. Too much compression would 
make the mixture ignite prematurely, before the piston reaches 
the end of its back-stroke; and provision is made to adjust the 
amount of compression, so that ignition may be neither early nor 
late, by shortening or lengthening the connecting rod, which has 
the effect of enlarging or reducing the clearance. The governor 
acts by controlling the delivery of oil to the chamber, which it 
does by opening more or less a by-pass through which a portion 
of the oil from the pump is allowed to escape back to the oil 
reservoir when the speed of the engine becomes too high. The 
effect is that the explosive mixture is wakened when the speed 
rises. An indicator diagram from one of these engines is given in 
£g. 206, with a scale of pressures marked at the side. 



J90 



100- 



40- 



80- 




Fxo. 206. Indicator diagram of Hornsby-Aokroyd Oil-engine, 
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271. Trials of Oll-enginei by the Royal Agrici 

Society'. Oil-engines by ten diflferent makers were examined in 
these Irials, all using the Otto four-stroke cycle, but differing 
more or less in the mode of injecting and vaporising the oil, and 
in the arrangement for ignition. One of the engines tested was 
the Horasby-Ackroyd engine already described; another was an 
oil-engine by Messrs Crosaley closely similar in mechanical detail 
to the gas-engines of the same makers. It had a separate 
vaporising chamber kept hot by an external oil-fed ilame, an 
igniting tube kept hot by the same flame, and a timing valve to 
control the instant of the explosion. Vaporised oil was admitted 
to the cylinder by a valve, the action of which was intercepted by 
the governor when the speed became too high. The same move- 
ment which opened this valve admitted a fresh charge of oil to 
the vaporising chamber. 

The consumption of oil in these two engines was found to be 
lower than in the other engines submitted for trial. The oil used 
was "Bussolene" with a total calorific value of about 19,700 
thermal units per lb. On a short full-power trial the oil consunidd 
per hour, per brake-horse -power, was 0*82 Iba in Messrs Crossleys 
engine (including the supply to the external lamp) and 098 in 
Messrs Homsby's. The consumption per L-E.-P. hour was also 
measured, but the difficulty of estimating fairly the indicated- 
power of an oil-engine, especially when the amount of oil varies- 
from one stroke to another, is so great that a statement of the oiA. 
used per brake-horse-power is to be preferred. On another full- 
power trial lasting for three days the figures were 0"90 lbs. 
0-92 lbs. respectively. 

These figures would correspond to a consumption of aa.y 
075 lbs. per i.-H.-P. hour, and to a thermodynamic efficiency of 

2545 
75 X 19700 *"^ ^^^' '^'^ ^^^ tl^sse results directly comparablfi 

however, with those stated in § 269, the calorific value of the 
oil would have to be reckoned in the same way as was done 
there, namely by allowing a rebate for the latent heat of the water 
vapour contained in the products of combustion. This would 

' These Iriala were carried oat at the Cambridge meeting ol tbe Societ; in 18H, 
hj Prof. D. S. Capper, Mr J. B, DeDiBon, and the Author. Farticulara oi ^ 
eDgiaei te«ted. and of the reenlta of the trials, nill be fooud in Prof. Capper't 
Beport, Jour, Hoy. Agricult. Soc., Deo. 



QAS-ENOINES AND OIL-ENQINES. 443 

vednce it to 18,600 thermal units and would increase the efficiency 
"to 0'18. The cost of the oil was less than one halfpenny per 
JB»-H.*P. hour. 

272. The Diesel Motor. Mr B. Diesel has described a heat 
motor possessing several distinctive features, and has embodied these 
in an oil-engine which has achieved a remarkably high efficiency^ 
It is, in the thermodynamic sense, a defect in ordinary gas-engines 
and oil-engines that the combustion begins while the working 
substance is still comparatively cold, and consequently a part of the 
heat is taken in at a relatively low temperature. Mr Diesel en- 
deavours to reach the temperature of combustion before combustion 
begins, by compressing the air (more or less adiabatically) to a very 
high degree before admitting the fuel. He then injects the fuel 
slowly, letting expansion go on at the same time and thus securiug 
approximately isothermal combustion. The supply of fuel is then 
^ cat off and a prolonged expansion, more or less adiabatic in 
character, completes the process. The advantage of high com- 
pression, already pointed out in relation to gas-engines, is here 
realised to an unprecedented degree. 

Id the Diesel engine the main operation of air-compression, 
combustion, and expansion goes on in a single-acting cylinder 
which works in the four-stroke Otto cycle. A small supplementary 
air-pump delivers air at a pressure of about 50 atmospheres, which 
is a higher pressure than is reached in the main cylinder. By 
aid of this highly compressed air petroleum is injected into the 
clearance space, burning as it is admitted, under a pressure of 
between 30 and 40 atmospheres. 

Tests of a 20 H.-P. engine in 1897 by Prof. Schroter and others 
have shown in two trials a consumption of only 0*52 and 0*54 lbs. 
of oil per hour per brake-horse-power, the oil having a heating 
value of 18,400 thermal units. As much as 34 per cent, of the 
heat was converted into indicated work, and 26 per cent into work 
on the brake. This may fairly claim to be the highest efficiency 
yet recorded for any form of heat-engine. 

^ Theorie und Comtruction einet rationellen Wdrmemotor$t 1893. See also three 
pftpen, ZeitMekrift de$ Vereina deuttcher Ingenieure, July 1897, a summary of 
wliich is given by Mr Donkin in The Engineer, Oct. 15, 1897. 
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TABLE OF PBOPERTIES OF SATURATED STTEAJC. 



Prettnre in 


Temperatoze. 


Yolnme of 1 lb. 
ineobio feei 

v. 


Entropy. 


lbs. per sq. in. 


Fah. 


AbMlnto 


Wftter 


Stesm 




t. 


r. 




^ 


^ 


0-085 


32 


493 


3416 





2-215 


0-6 


80 


541 


640 


0*095 


2-062 


10 
1-5 


102i 
116^ 


563^ 
577 


332 
227 


0136 
0160 


1-985 
1-947 


20 


126 


587 


173 


0177 


1-922 


2-5 


135 


596 


140 


0190 


1-900 


30 


142 


603 


118 


0-202 


1-885 


3-5 


148 


609 


102 


0-212 


1-873 


40 


153 


614 


90-4 


0-221 


1-862 


4-5 


158 


619 


80-7 


0-229 


1-851 


5 
6 


163i 


624| 
632 


73-2 
61-7 


0-237 


1-840 


7 
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53-4 






8 
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47-1 






9 
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649 


421 






10 
11 


192i 
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34-9 


0-282 
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12 
13 


201 J 
205i 


662J 
666; 


321 
29-8 






14 


2091 
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27-8 






15 
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26-1 


0-313 


1-748 


16 


216 


677 


24-5 






17 


219 


680 


23-2 






18 


222 


683 


21-9 






19 


225 


686 


20-8 






20 
21 


227^ 
230 


688i 
691 


19-9 
190 


0-334 


1-723 


23 


232i 
235 


693^ 
696 


18-2 
17-5 
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PreMore in 






Volume of 1 lb. 
in oDbio feet 




Dm. pw iq. in. 










P- 


Fah. 


AbMlatB 


r. 


Water 


Btetm 




'■ 


'"• 




V^ 


*.■ 


2i 


237i 


6981 


16-8 






25 


240 


701 


161 


0-352 


1-703 


26 


2424 


7031 


15-5 






27 


244I 


705 1 


15-0 






28 
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707 i 


14-5 






29 
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140 






30 
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13-6 


0-368 
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32 
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12-8 






34 


257i 
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121 






36 
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11-5 
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10-9 






40 
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10-4 
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43 
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44 
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9-49 






46 
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48 
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60 
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62 
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64 
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747 
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66 
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68 
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60 
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1-634 


62 
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64 
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66 
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6-47 






68 
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70 
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72 
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766 
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74 
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76 
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78 
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5-53 






80 
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84 


316 


776 


515 






86 
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90 
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96 


325 
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4-39 
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331 


792 


4-19 
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795| 


4-01 
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1-589 



446 



TeaBp eia t nr e. 



PlCMUKi ID 

lbs. per iq. in. 



115 
120 
125 
130 
135 
140 
145 
150 
155 

im 
la 

170 
175 
ISO 
ld5 
190 
195 
200 



210 
215 
220 
225 
230 
235 
240 
245 
230 





T. 



Ofl&L 




3-70 
3-57 
3-44 
3-33 
3-20 
3-10 
3-01 
2-02 
3-84 
2-76 
2-68 
2-60 
2-53 
2-47 
2-41 
2-35 
2-30 
2-25 
2-20 
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2-05 
2H)0 
1-96 
1-92 
1-88 
1-85 
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l-5€9 
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I'M 


0-520 


i*5eo 


0-526 


1-556 


0-532 


1-55S 


0-537 


1-54S 


0-542 


1-544 



0-547 
0-552 
0-557 
0-562 



0-567 



1-575 



1-540 
1-537 
1-534 



1-531 



1-528 



41^ XUtl MTV? 



are stated to the nearest half dagree Fahrenheit, 
are eaknlated from Begnaolt's data, taking 778 foot-pounds as the 
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entropj of water, per lb., at the temperature at iHiieh steam woold 
&e assigned pressors, the entropy of water at 32° Fah. 
whidi ^is recko ne d. 
eatropT of saturated steam, per lb., reckoned from the same 

, aai ^ ars connected bj the equation ^,~ ^. = — . 

csf H and ik see Table L p. 67. 
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Crossley-Otto gas-engine, 414, 428 

trials of, 427, 480 

Crossley's oil-engine, 442 

Cngnot's road locomotive, 23 
Curve of expansion to be assumed in 
estimates of probable horse-power, 188 
Cushion-steam, 147 
Cushioning, 147 
Cut-off, 84 
Cycle of operations in a heat-engine, 88 

in Camot*s engine, 

61, 78 

in steam-engines, 84 

Cylinder feed, 147 

walls, influence of, 148 

volumes, ratio of in compound 

engines, 229 

Dalby, Prof. W. E., 259, 278 

Dash-pot, 289, 297 

Davey, H., differential valve-gear, 807 

pumping engine, 876 

safety motor, 880 

"De Caus, 8 

Degradation of temperature in a heat- 
engine, 87 
Delia Porta, 3 

Density of saturated steam, 66, 91 
Desaguliers, 7 
Diagonal engines, 391 
Diagram factor, 189 

of crank-effort^ 809, 821 

E. 



Diagram of crank-effort, circular, 822 
Diesel motor, 448 

Differential gear for relay governor, 304 
Differential or dynamometric governors, 

305 
Differential valve gear, 807 
Differential gas-engine (Atkinson's), 418 
Direct-acting engines, 365, 867 
Disengagement governors, 802 
Distribution of steam, 248 
Donkin, Bryan, experiments, 158, 159, 

164 
Donkin and Kenuedy's boiler trials, 362 
Double ported slide-valve, 276 
Double-beat valve, 278 
Dowson's process for making cheap 

gaseous fuel, 411, 436 
Draught, natural and forced, 836, 839 
Drop in the receiver, 223 

adjustment of, 226 

Dryness of wet steam, 73 

change of in adiabatic 

expansion, 75, 102, 
109, 114 

affected by throttling 

or wire drawing, 96, 
207 

measurement of, 206, 

207 

Du Tremblay's binaiy engine, 187 

Dudgeon's rotary engine, 882 

Dunkerley, S., 121 

Dunlop*8 pneumatic governor, 808 

Durham and Churchill's governor, 805 

Durston, Sir A. J., 29 

Dust fuel, 860 

"Duty " of an engine, 25, 178 

Dwelshauvers-Dery, 216 

Dynamometer, rope, 217 

Eccentric used to actuate slide-valve, 242 
Effective horse-power, 187 
Efficiency of a heat-engine, 1, 36 

of a perfect engine, 67 

of ideal steam-engines, 80, 81, 

87,100 

of boiler and furnace, 178 

mechanical, 186 

maximum, conditions of, 69 

of gas-engines, 427, 486 

of oil-engines, 442 

29 
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Ejector condenser, 320 
Elder, John, 27 
Emery, 148, 175 

Engine receiving heat at varions tem- 
peratures, 96 
Engine trials, summary of results, 175, 

177, 182 

example of, 211 

English, Col., 149 
Entropy, 103 

of steam, 105, 110, 112 

temperature diagrams, 105, 107, 

110, 112, 116, 121, 123, 125 

temperature diagram for super- 

heated steam. 111 

temperature diagram, use of in 

exhibiting the exchanges of heat be- 
tween the working substance and the 
cylinder, 156 

Entropy of water and steam, 112, 444 
Equilibrium of governors, condition of, 
283 

valve in Watt's engine, 13, 279 

Equivalent eccentric in link-motions, 264 
Ericsson's regenerative air-engine, 63, 

405 
Ether, use of in refrigerating machines, 
128 

along with steam in heat-engines, 

137 
Evans, Oliver, 23 
Evaporative condenser, 370 
Exchange of heat between the steantand 
the cylinder walls, 31, 214 ^ 

Exhaust, 84 

Exhaust steam injector, 357 
Expansion, complete and incomplete, 86 
Expansion -valve, 268 

Meyer's, 269 

Expansive use of steam by Watt, 20 
Experiments on steam-engines, results 

of, 161, 163, 164, 166, 168. 177 

Farcot's governor, 289 

Feed- water, measurement of, 202 

comparison of, with dis- 

charged water, 205 

heater, 336, 358 

Field tubes, 346, 348 
Fielding's engine, 383 

Fireless tramway locomotive, 899 



Flames, applied to heat the cylinder in 

Donkin's experiments, 159 
Fletcher, L. B., 341 
Fly-wheel, function of, 809, 828 
Forced draught, 387, 859 
Forms of the steam-engine, 365 
Four-stroke cycle of Beau de Kochss and 

Otto, 413 
Fox, S., corrugated flues, 856 
Francq, Lten, 899 
Friction of slide-valves, 275 

governors, 292 

engine, 187, 812 

Fulton, B., 28 

Furnace and boiler efficienoy, 178 
Furnace, supply of air to, 886 
Fusible plug, 344 

Galloway tubes, 841, 345 

boUer, 841 

Gases, permanent, laws of, 40 
Gas and air, explosion of miztoree of, 421 
Gas-engine pyde of Bean de Bochas, 413 
Gas-engines, 412 

Atkinson's, 418 

BischofTs, 418 

Clerk's, 417 

Crossley-Otto, piartieDlars 

of; 428 

early forms, 412 

fluctuations of speed in , 437 

Griffin, 418 

Hugon's, 418 

influence of oompxeflsion 

in, 427 

Lenoir's, 412 

Otto and Langen'a, 413 

Otto's, 414, 415, 419 

performance of, 429 

scavenging, 425 

Simplex, 416 

starting of, 428 

use of cheap gas in, 435 

Gauging the discharge from the oon- 

denser, 204 
Gehre's superheater, 362 
Gibbs, J. Willard, 105 
Giffard's injector, 356 
Gooch's link-motion, 263 
Governing, 280 

of gas-engines, 416 
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GoTemorSy oenirifugal, 281 

dillerentuJ or dynamometrio, 

805 

disengagement, 802 

for marine engines, 807 

height of; 284 

isoehronoos, 288 

Knowlee*8sapplementary,803 

loaded, 281, 286 

parabolic, 288 

power of, 292 

pomp, 806 

relay, 804 

sensibility of, 287 

spring, 291 

stabiUty of, 284 

Watt's, 21. 281 

Oraphio representation of work done in 
the ohanges of volome of a 
flaid,87 

representation of results of trials 

made under various amounts 
of load, 219, 488 

method of examining the action 

of a slide-valve, 245 

solution of the link-motion, 263 

Gray, J. MacFarlane, 105, 265 
GtneD*B eoonomiser, 858 

Griffiths, experiments on the mechanical 

equivalent of heat, 35 
Chmpowder engines, 7 
Gntermuth, Prof., 167, 169 

Haokworth's radial valve-gear, 265 
Hall, surface condenser, 892 
Hall's pnlsometer, 379 
Hallauer, 148, 161 
Harmonic valve diagram, 257 

applied to Meyer's 

expansion valve, 272 

Harrison's boiler, 348 
Hartnell, spring governor, 291 

curves of controlling force, 294 

Head, J., parabolic governor, 288 
Heat, medianical equivalent of, 83, 84 

weight, 97 

pumps, 126 

supplied, measurement of, 206 

rejected, measurement of, 210 

Heat-engine, defined, 1 

limiting efficient of, 58 



Heat-engine, reversible, 55 

Heating surface, 335 

Hero of Alexandria, 2 

Herreshof boiler, 348 

HiU, J. W., 175 

Him, G. A., 74, 148, 214, 362 

History of the steam-engine, 1 

Holden, H., use of liquid fuel, 361 

Hooke's joint as a basis of rotary 

engines, 382 
Horizontal direct-acting engines, 368 
Homblower's early compound engine, 23 
Horse-power, 7; its value fixed by 
Watt, 21 

estimation of, 187 

measurement of by the in- 

dicator, 197 

brake, measurement of, 217 

Howden, 359 

Hugon's gas-engine, 413 
Hunting in governed engines, 296 
Huygens, 7 
Hydrokineter, 357 

Hyperbolic logarithms, relation of to 
common logarithms, 51 

Ignition tube in gas-engines, 416 
Imperfectly resisted expansion, 60, 95 
Inclined cylinder engines, 365 
Incomplete expansion, 86, 117, 142 
Indicated horse-power, calculation of, 199 

estimation of probable, 

188 

Indicator, the, 21, 190 

diagram, 38 

directions for taking, 197 

typical form in a con- 

densing steam-engine, 
182 

examples of in steam- 

engines, 200, 238 

combination of in com- 

pound engines, 235 

of Lenoir gas-engine, 412 

of Otto gas-engine, 420, 

425,488 

of the Homsby-Aokroyd 

oil-engine, 441 

Inequality of distribution of ateam bj 

the slide-valve, 248 
Inertia of reoiprooating pieces, 818, 825 
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Initial condensation, 148, 156 
Injector, 856 
Inside lap, 243 
In-stroke, 246 

Internal combostion-engine, 126, 401; 
ideal performance of, 484 

energy of a gas, 43 

of steam, 71 

Isherwood, 148 

Isochronism in governors, 287 

Isothermal expansion, 50 

lines for steam, 74 

Jacket, steam, invented by Watt, 12 
Jacket-steam, measurement of, 202 
Jenkin, Fleeming, regenerative gas- 
engine, 63 

analysis of effects of inertia 

and friction in engines, 820 

Jonle*8 experiments on the mechanical 
equivalent of heat, 80, 84 

law of the internal energy of 

gases, 48, 91 

air-engine, 128 

reversed, 181 

Joy's radial valve-gear, 267 
Jackes's furnace, 360 

Kelvin, Lord, his contributions to the 
theoiy of heat-engines, 80 

his statement of the second law, 

86 

his scale of absolute tempera- 

ture, 90 

• experiments with Joule on the 

specific heats of gases, 44 

on change in the melting point 

of ice by pressure, 95 

on warming by reversal of the 

heat-engine cycle, 185 
Kennedy, Prof., trials of steam-engines, 
180 

trials of boilers, 862 

trials of gas-engines, 430 

Kirk, A. 0., 127, 268, 821 

Klein's construction for the acceleration 

of the piston, 815 
Knocking at joints, 326 
Knowles*s governor, 303 

Lagging of steam-pipes, 144 



Lap in valves, 242 

negative, 276 

Latent heat, Black's doctrine of, 17, 80 

of steam, 69 

Laval, de, steam-turbine, 889 
Lead in valves, 147, 242 
Leavitt, 179 

Lenoir's gas-engine, 412 
Leupold, 22 

Lightfoot's refrigerating machine, 184 
Limits of temperature determining the 
efficiency in perfect heat-engines, 59 
Linde's refrigerating machines, 180 

process of liquefying air, 44 

Link-motion, 260 

Liquid fuel, 860 

Loaded governor, 281, 285 

Locomotive, earliest use of steam in, 23 

use of on railways, 28 

balancing of, 331 

boilers, 350 

forms of, 895 

compound, 897 

for roads, 898 

Longridge, M., 182 
Loring, 187 

Loss of heat in engines, 171 

in boiler and furnace, 338 

Mair-Kumley, engine trials, 178, 211 
Mallet, A. , compound locomotives, 397 
Marine boilers, 353 

engines, 890 

steam turbines, 389, 394 

Marshall's valve-gear, 267 

Marshall, F. C, on marine engines, 29 

Marshall and Weighton, 893 

Mather and Piatt engine, 375 
MoNaught, 26, 190 
Mean effective pressure, 199 
Mechanical equivalent of heat, 30, 34 

production of cold, 126 

efficiency, 186, 217 

tests of, 217 

advantage of compound ex- 

pansion, 232 

stokingi 360 



Mekarski tramway locomotive, 399 
" Miner's Friend," the, 6 
Moorby, W. M., 35 
Morton's Ejector Condenser, 358 
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.Mordooh, 21, 241, 381 
MoBhroom valve, 278 

Kapier*8 governor, 306 

Kewoomen's atmospherio steam-engine, 9 

Niclaasse boiler, 348 

Niookon, Prof., 152 

Non-condensing engine, 21 

resolts of trials, 175 

Non-lifting injectors, 357 
Non-rotative engines, 365 
Notahing-up, 262 

Oil as fomace fuel, 860 
Oil-engines, 438 

Brayton, 439 

Grossley, 442 

Diesel, 443 

Homsby-Aokroyd, 440 

Priestman, 489 

trials of, 440, 441 

indicator diagram of^ 441 

Organs of a steam-engine, 82 
Oscillating cylinder engines, 366, 391 
Otto and Langen's gas-engine, 413 
Otto's gas-engine, 415 

action in the cylinder 

of, 419 

indicator diagrams of, 

420, 425, 481, 433 

Outside lap, 241 

Oat-stroke, 244 

Oval valve diagram, 257 

Papin, Denis, 7, 8 
Parallel motion, 366 
Parsons*8 steam-turbine, 384 

trials of, 387 

application of to marine pro- 
pulsion, 889, 394 

Peabod/s calorimeter, 205 
Peauoellier linkage, 367 
Perfect gas, 39 

heat-engine, 57 

Performance of engines, methods of 

stating, 171 
Perkins, Loftus, 347 
Petrolenm as foel, 860 

engines, 488 

Piston speed, 29, 394 

valves, 277 



Piston and piston-rod, inertia of, 318, 315 

Pole, W., 27 

Porter's governor, 281, 285 

Potter, Humphry, 10 

Power of governors, 292 

of marine engines in relation to 

their weight, 393 

Pre-admission, 147, 245 
Pre-heater, 141 

Pressure, volume, and temperature, re- 
lation of in gases, 42 

and temperature of saturated 

steam, 65, 444 

and volume of saturated steam , 

66, 444 

Priestman *8 oil-engine, 430 
Priming, 144, 173 
Producer gas, 435 
Proll's governor, 290, 292 

trip-gear, 801 

Properties of steam, 64, 444 
Pulsometer, 879 
Pumping engines, 376 

Radial valve gear, 265 

axle box, 396 

Ramsbottom safety-valves, 852 
Bankine's contributions to the theory of 

heat-engines, 30 

statement of the second law, 

89 

formula for highly superheated 

steam, 118 

Bansome, H. B., experiments on fluctua- 
tion of speed, 825 
Batio of expansion, 47 

influence of on the 

efficiency, 159, 161 

Batio of cylinder volumes in compound 

engines, 229 
Beceiver in compound engines, 222 

engine, 223 

drop in the, 223 

Beciprocating pieces, effect of their 

inertia, 313 
Befrigerating machines, 126 

coefficient of perform- 

ance in, 130 

the Bell-Coleman, 181 

using vapour com- 
pression, 128 
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Smeaton, 11 
Smith, Prof. B. H.. 227 
Society of Arts, trials of 
Somerset, Marqois of 
Specific heats of gases, 43, 4o 
Speed, influence of on the effi 
159, 163 

periodic fluctuation of, 3S 

Spencer-Inglis trip gear, 299 
Spherical engine, 382 
Stability in governors, 284 
Steam, formation of under oo 

pressure, 64 

saturated and superheater 

determination of the pro] 

of by Regnault, 65 

entropy of, 112 

table of properties of, 67, 

production of, 336 

Steam-engine, early history of, 1 

ideal cycles in, 80, 

Steam-gas, 73 
Steam-jacket, 12 



INDEX. 



455 



Steam-jaoket, action of, 157, 164 
Steam-ships, introdoctioii of, 28 
Steam-turbines, 383 

applied to marine pro- 
pulsion, 389, 394 
Steeple-engine, 346 
Stephenson, (George, 23 
Stephenson's link-motion, 261 
Stirling, B., his invention of the Re- 
generator, 61 
Stirling's regenerative air-engine, 61, 403 

theoretical indicator, 

diagram of, 62 

entropy temperature, 

diagram of, 122 

performance of, 405 

modem forms of, 406 

Stoking, mechanical, 360 

Sulzer engine, trials of, 181 
Superheated steam, 65, 73, 118, 165 

' influence of in re- 

ducing the initial 
condensation, 165, 
168 

total heat of, 118 

used in steam tur- 



bine, 387 
Superheater, 362 
Supply of steam, measurement of by 

means of the feed, 

202 

measurement of by 

means of the condensed water, 204 

Surface condenser, used hj Watt, 12 

in marine use, 392 

Tandem-engines, 220, 369 

Tangye spring-governor, 282 

Tanks, arrangement of for measuring 

the feed, 203 
Temperature, absolute, 41 

Lord Kelvin's scale, 90 

relation of to pressure and 

volume in gases, 42 

change of in the adiabatio 

expansion of a gas, 49 

of source and receiver of 

heat in a perfect heat-engine, depen- 
dence of efficiency on, 58 

Temperature reached in the explosion 
of gaseous mixture, 422 



Theory of heat-engines, development of, 

30 
Thermodynamic function, 103 
Thermodynamics, laws of, 33, 36 
Thompson, W. B., device for governing 

marine engines, 308 
Thomson, James, on change in the 

melting point of ice by pressure, 95 
Thomson, R. W., road steamer, 400 
Thomson, W. (see Kelvin). 
Thomycroft water-tube boiler, 348 

high-speed engines, 371 

Throttle-valve, 21, 281 
Throttling of steam, 95 
Throttling calorimeter, 205 
Timing valve in gas-engines, 416 
Total heat of steam, 70 
Tower's spherical engine, 882 
Traction-engines, 399 
Tramway locomotives, 898 
Transmission of power hj compressed 

air, 188 
Trevithick, 28 

Trials of steam-engines, summary of re- 

sulU of, 175, 177 

example of, 211 

under various amounts 

of load, 218 

methods of conducting, 

189, 202, 211 

of steam-turbines, 387 

of gas-engines, 427, 480, 432 

of oil-engines, 440, 442 

Trick valve, 275 

Trip-gear, 299 
Triple expansion, 29 

advantage of in util- 

izing high-pressure 
steam, 281 

diagrams, combina- 
tion of, 238 

Triple expansion engines, trials of; 180, 

182 

weight of, 394 

Trunk-engines, 391 

Turbine, Parsons's steam, 384 

De Laval's steam, 389 

<• Turbinia," the, 389, 894 

Unwin, Prof., irialf of steam-enfl 
164, 179 
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Unwin, Prof., trial of oil-«ngine, 440 
Urquhart, T., nee of liquid fuel, 861 

Yacaum in oondenBers, 145 
Valve diagram, Bealeaux's, 248 

Zetiner's, 261 

Bilgram*8, 254 

Oval, 257 

Harmonic, 257 

Valves and valve-gears, 241 

double beat, 278 

double-ported, 276 

expansion, 268 

Meyer's, 269 

of Cornish engines, 279 

piston, 277 

slide, 241 

^ ^ forms of, 276, 277, 278 

timing, in gas-engines, 416 

Trick, 276 

Vertical engines, 365 

Volume, relation of to temperature and 
pressure in gases, 42 

of saturated steam, 66, 91, 444 

Volume-pressure diagrams, 88 

Wall engines, 370 
Walshaert's valve-gear, 268 
Water-gas, 435 

Water-jacket used in gas-engines, 412 
Water-tube boilers, 846 
Watt, James, 11 
experimental apparatus, 11, 15 

invention of the condenser, 11 

first patent for improvements in 

the steam-engine, 12 

narrative of his invention, 15 

governor, 21, 281 

— r- sun and planet wheels, 19 

• double-acting engine, 19 

• expansive use of steam, 20 

invention of the indicator, 21 

parallel motion, 20, 366 

Webb, F. W. , 896, 398 



Weight of marine engineB in relation to 

their power, 393 
Weir for gauging condensing water, 

208 
Weir's hydrokineter, 867 

feed heater for marine engines, 

358 

Westinghouse engine, 373 
Wet steam, 72 

Wetness of steam in the cylinder, 149, 

161 

how measored, 214 

Willans' trials of engines, 162, 163, 180 

Une, 219, 389 

central valve engine, 826, 373 

Winding engines, 368 

Wingfield, G. H., 189 
Wire-drawing of steam, 95, 148 
Woolf, 24 

engines, 222, 369 

Worcester, Marquis of, 4 

Work done by an expanding fluid, 37, 

46 
measured by the area of the indi- 
cator diagram, 88 

theoretically attainable firom lib. 

of steam, 186 
Working substance in a heat-engine, 1, 

36 
Worsdell, T. W., compound looomotives, 

353 
Worthington high-duty pumping engine, 

378; trials of, 179 
steam-pump, 378 

Yarrow water-tube boiler, 350 

Zeuner, 66, 74, 97 

his valve diagram, 251 

applied to 

Meyer expansion valves, 270 

Zinc, used to prevent corrosion in 
boilers, 358 
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